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In the Western world, 30—40 % of the adult population suffers from hypertension. The prevalence 
is expected to increase with the aging population. Sixty-five percent of patients over 60 years 
of age are affected by hypertension. It is thought to be the greatest risk factor for cardiovascular 
disease. Renal sympathetic efferent and afferent nerves are recognized as critical in the hyper- 
tensive disease process and represent an important therapeutic target. From the 1930s to 1950s, 
investigators performed surgical interruption of the sympathetic pathway and effectively low- 
ered the pressure significantly in patients, but there were complications that precluded the 
continued application of this technique at the same time that effective drug regimens evolved. 

Recently, renal denervation has been reborn as a catheter technique utilizing the proximity 
of the renal nerves to the renal arteries utilizing various forms of energy or injections. This 
technique has been effective in treating resistant hypertension in as many as 85 % of patients. 
The ability to perform this transcatheter technique has the potential to cause a paradigm shift 
in cardiovascular care. Resistant hypertension is defined as blood pressure persistently above 
goal despite the use of antihypertensive medications from >3 drug classes. These patients face 
worse cardiovascular outcomes and systemic hypertension-related complications, for which 
there is no viable treatment option. For example, poorly controlled hypertension can increase 
stroke rate by 50 %. 

The new percutaneous approach, based on the concept of an old surgical technique, may be 
a true game changer for treating patients with not only hypertension but also renal insuffi- 
ciency, congestive heart failure, diabetes mellitus, obesity, sleep apnea, and glucose intoler- 
ance. Given the enormous market for this treatment approach and the rapidly compounded 
annual growth rate, an estimated 60 companies are pursuing technologies to achieve RDN with 
equivalent or superior approaches. This treatment is moving so quickly and has been thought 
effective enough in its early stages that the European Society of Cardiology (ESC) has issued 
a consensus statement describing patients that are appropriate to be screened for this therapy. 
The whole field of renal arterial based renal denervation dealt a serious blow with the publica- 
tion of the Symplicity HTN-3 6-month data. This blinded trial did not show significant reduc- 
tion of systolic blood pressure in patients with resistant hypertension 6 months after renal-artery 
denervation as compared with a sham control (Funded by Medtronic: SYMPLICITY HTN-3 
ClinicalTrials.gov, number, NCT01418261) [1]. After 6 months, office systolic blood pressure 
decreased from baseline to a similar extent in the renal-denervation and sham-procedure 
groups (P<0.001) for both comparisons of the change from baseline); the difference in the 
change in blood pressure between the two groups was a paltry —2.39 mmHg. In addition, a 
prespecified difference in 24-h ambulatory systolic pressure of only 2 mmHg was not met. 
Thus, in the SYMPLICITY HTN-3 STUDY, renal denervation had no significant effect on 
office or 24-h ambulatory systolic blood pressure, findings that contradict most published data 
on renal denervation. While renal denervation lowered blood pressure by an average of 
14.1 mmHg, it was not statistically significant when compared to the sham treatment. Patients 
receiving no treatment may experience Hawthorne effect, believing they had received the treat- 
ment, resulting in an 11.7 mmHg reduction. The trial used the first-generation Medtronic 
Symplicity catheter, which uses a single electrode that must be maneuvered into specific 
positions for ablations that last about a minute each. The procedure is similar to cardiac 
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ablations to isolate arrhythmia-causing cardiac tissue. Electrophysiology ablations are 
sometimes difficult to perform or have mixed outcomes, depending on several factors, including 
catheter pressure applied, duration of the ablation and the ability of the operator to connect all 
the dots between ablation points to prevent the transmission of electrical signals across the 
scarred areas. Further studies in rigorously designed trials will be needed to confirm the results 
of the earlier trials. The 5-year results of this study will be fascinating and some groups had a 
near significant benefit compared to medical therapy. Results were maintained in prespecified 
subgroup analysis, although non—African Americans tended to benefit from renal denervation 
more so than African Americans (P=0.09). A number of limitations were identified by the 
study’s authors, and also reviewed by the discussion panel after the presentation. Blood levels 
of antihypertensive medications were not obtained, so drug adherence was not directly mea- 
sured. The large and significant change over time in both groups may have been related to the 
placebo effect, or it may be that study participants in both arms achieved improved medication 
compliance after enrollment in the study. Further, there is no commonly accepted and easily 
obtained measure of denervation of the renal sympathetic system, so it is possible that renal 
denervation did not occur, although the study authors could confirm that the appropriate energy 
had been delivered by the device. 

Experts have weighed in as to why this study showed different results than other studies, 
particularly in Europe. A large concern was operator’s inexperience with denervation (they 
were all experienced interventional cardiologists) another flaw in the trial design was that no 
method was used to monitor the efficacy of each denervation procedure, an easy decision 
because there is still no proven way to measure denervation efficacy during the procedure. In 
the first clinical study of renal denervation, in a series of 45 patients treated at five centers in 
Australia and Europe reported just 5 years ago (Lancet 2009;373:1275-81), Dr. Esler, a lead 
investigator for that study, and his associates carefully tested the efficacy of denervation in ten 
patients by measuring the direct effect of successful denervation and reduction of renal norepi- 
nephrine spillover. They reported that, in those ten patients, renal denervation cut norepineph- 
rine spillover by an average of 47 %, which correlated with an average reduction in systolic 
blood pressure of 22 mmHg after 6 months. 

Because of the aging of the population and rising rates of obesity, hypertension is increasing 
in prevalence worldwide. Approximately 10 % of patients with diagnosed hypertension have 
resistant hypertension, defined as a systolic blood pressure of 140 mmHg or higher despite 
adherence to at least three maximally tolerated doses of antihypertensive medications from 
complementary classes, included a diuretic at an appropriate dose. The sympathetic nervous 
system — in particular, sympathetic cross-talk between the kidneys and the brain — appears to 
play an important role in resistant hypertension. 

In spite of this recent published study, very limited data has been published on preclinical 
and clinical experiences with these new devices, and the future of this field is controversial. 
Other new approaches, including less invasive and outpatient-based therapies, may or may not 
be effective. Unfortunately, during the last 10 years, very few new antihypertensive agents 
have reached the market and no new therapeutic class has really emerged if one considers renin 
inhibitors as members of drugs inhibiting the renin-angiotensin system (RAS). Thus, the actual 
strategy to control blood pressure in hypertension relies on the use of three major classes of 
antihypertensive drugs, i.e., blockers of the RAS, calcium channel blockers (CCBs), and 
diuretics (D) as reported in the last 2013 hypertension guidelines of the European Society of 
Hypertension and European Society of Cardiology. One very important issue with any study of 
hypertensive patients, including HTN-3, is that there was no confirmation of medication adher- 
ence. More than 50 % of patients with resistant hypertension are known to be nonadherent to 
medications. There was no direct measurement to confirm that the renal nerves were in fact 
denervated by the procedure, because there is no test that can be easily performed in a large 
trial. However, the Symplicity catheter system allowed confirmation of energy delivery, and 
the presence of angiographic notching indicated a biologic effect of energy delivery on the 
artery. Finally, the results of this trial are specific to the catheter tested and cannot necessarily 
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be generalized to other denervation systems. We shall await further data. This textbook is 
aimed to provide an overview of the field, to describe the preclinical and clinical experiences 
with the most prominent technologies in the pipeline, and to provide insights regarding the 
possible directions this field may be heading. 

I was pleased to have been introduced to Victoria John from Springer Publishing who 
agreed with me that a textbook describing this new treatment would be a welcome addition. 
My co-editors are two world renowned leaders in the field including Horst Sievert from 
Germany and Markus Schlaich from Australia. We have attempted to pull together the experts 
in the field in our textbook and are proud to say everyone we invited to contribute agreed to be 
represented in the textbook. We have described most of the current devices and approaches, 
and we hope to give the reader a snapshot of where things are available at this time. 

I would like to thank Victoria and my co-editors Horst Sievert and Markus Schlaich, along 
with our co-authors without which the textbook would not have been possible. As with other 
textbooks I have edited, I will donate all my royalties to Johns Hopkins Hospital where I 
trained. I also wish to dedicate this book to the Phoenix Heart Center, St. Luke’s Medical 
Center and my daughter Alexandra and wife Shari. Special thanks to Peggy Layman for put- 
ting up with everything she needs to deal with not only this publication, but everything involved 
with interacting with me. 

We hope the reader will find this textbook a springboard for study and advancement of this 
new, exciting field. 


Phoenix, AZ, USA Richard R. Heuser 
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Introduction 


In 1842 the first description of sympathetic nerves sur- 
rounding the renal artery was provided in the thesis in 
Latin by Carl Ludwig [1]. Since then the field became a 
matter of ongoing scientific interest. Mechanosensitive 
baroreceptors, volume sensors and chemoreceptors regu- 
late afferent signaling to various nuclei in the brain stem. 
In the renal arteries both afferent and efferent nerve fibers 
are found in the adventitia, where they surround the arter- 
ies with a netlike appearance [2]. The challenge for renal 
denervation is to reach the adventitia from the intralumi- 
nal side and affecting both efferent and afferent nervous 
fibers to interrupt the interaction between sensory signals 
generated in the kidney and central sympathetic outflow 
[2] (Fig. 1.1). Sympathetic nervous outflow is regulated 
by the nucleus tractus solitarius located in the midbrain 
[3]. From there the efferent signaling reaches not only the 
kidney but also other peripheral structures like the heart, 
the vessels, the liver and other parts of the central nervous 
system [3]. 
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Renal Afferent Nerve Activity 


Activation of renal sensory afferent fibers derives primarily 
from the renal pelvis [3, 4]. Chemosensitive receptors in the 
renal interstitium are sensitive to ion and osmolar concentra- 
tion changes, ischemia and the metabolic products of isch- 
emia, like adenosine [2, 3]. Consistently, adenosine infusion 
increases the blood pressure by stimulating afferent signaling 
initiated by adenosine receptors located in the pelvis [4]. On 
the contrary, application of 100 % oxygen reduces sympa- 
thetic nerve activity in patients with renal failure [5]. The con- 
cept of direct interaction between the central nervous system 
and the kidney is shown by the reduction of sympathetic 
activity after renal nephrectomy in patients with renal failure 
[6]. Furthermore, the BP rise seen in rats after 5/6 nephrec- 
tomy can be prevented by dorsal thizectomy [7]. Finally, it 
was demonstrated that bilateral nephrectomy following suc- 
cessful renal transplantation reduced sympathetic activity, 
whereas transplantation alone did not. These data provided 
clear evidence to suggest that not uremia, but the remaining 
non-functioning kidneys via afferent signaling were the 
source of sympathetic overstimulation [8]. 


Renal Efferent Sympathetic Activity 


Efferent nerve fibers from sympathetic ganglia reach the kid- 
ney as they follow the renal arteries typically within the 
adventitial layer of the vessel. These nerves invade all seg- 
ments of the renal cortex and terminate at the arterioles of the 
glomeruli [9, 10]. Furthermore, the glomerular renin contain- 
ing juxtaglomerular cells are targeted by efferent sympathetic 
nerves [11]. alb-adrenergic receptors mediate sodium and 
water retention and, therefore, antidiuretic effects in the prox- 
imal tubulus, while ala-adrenergic receptors mediate vaso- 
constriction and reduce renal blood flow [3]. B1-adrenergic 
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Effects of increased sympathetic tone 


Factors that might contribute 
to increased renal 
afferent signaling: 


Adenosine 
Acidosis 

Oxidative stress 
Inflammation 
Endothelial factors 
Angiotensin II 
ischemia 


Renal 


Renal injury / 
renal ischemia 


Fig. 1.1 Interaction between the brain and the kidney with the effect 
of increasing sympathetic nerve activities. Sympathetic activation is 
generated in the kidney, where it reaches the heart, the vessels and 
the kidney by efferent sympathetic nerves. Sympathetic activation 
activates functional and structural changes of end organs. Renal 
efference is activated by renal adrenergy, ischemia and impaired 


receptors stimulate renin secretion with subsequent activation 
of the renin-angiotensin-aldosterone system [12], again, con- 
tributing to sodium water retention and producing the right 
shift of the pressure natriuresis curve [2, 3, 12]. The concept 
is summarized in Fig. 1.1. 


Interaction Between Right and Left Kidney 


Interestingly, afferent stimulation of nerves in one kidney 
also increases norepinephrine and dopamine release from the 
contralateral kidney [13]. Besides these experiments in dogs 
[13], an increase of heart rate and blood pressure was 
observed by contralateral nerve stimulation in conscious rats 
[14]. However, the effect is highly variable in between 
species, because the distribution of excitatory and inhibitory 


Remodeling 
Hypertrophy 
Arrhythmias 
Ischemia 
Apoptosis 


denervation 


Medial hyperplasia 
Arterial compliance 1 
Endothelial dysfunction 


Na*/ H2O retention 
Reduced renal blood flow 
Activation of the RAAS 
Proteinuria 
Glomerulosclerosis 


renal perfusion by mediation of adenosine, acidosis and others. The 
afferent feedback stimulation of the sympathetic nervous system fur- 
ther increases sympathetic activating tone. Rationale of renal dener- 
vation is to interrupt afferent and efferent nerves (depicted by red 
triangles) (Adapted by permission from Macmillan Publishers Ltd: 
Bohm et al. [49]) 


renal nerves are differently distributed among the different 
species [15]. 


Renal Denervation 


Experimental Studies 


Stimulation of renal sympathetic nerves increases the urinary 
excretion of norepinephrine, which can be inhibited by 
experimental renal denervation [16, 17]. Renal denervation 
reduces blood pressure in genetic models of hypertension 
[18]. In two-kidney one clip rats blood pressure was reduced 
[19]. In an inherited model of polycystic kidney disease, 
renal denervation reduced blood pressure and restored renal 
blood flow [20]. 
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Fig. 1.2 Upper left: schematic illustration of sympathetic renal nerves 
in the adventitia of the renal artery. The high frequency electrode is posi- 
tioned through a guiding catheter. The administration of high frequency 
energy produces heat, which is cooled by high intraluminal bloodflow, 
blood is sticking at the adventitia, where it damages the sympathetic 


In humans, the first experiences with interventional reduc- 
tion of sympathetic activity were obtained by thoracolumbar 
splanchniectomy, which had significant effects on blood pres- 
sure in the majority but not all patients with severe hyperten- 
sion and reduced cardiovascular end organ damage [21-23]. 
Although mortality was remarkably reduced [23], this 
technique had serious adverse effects and a high perioprative 
morbidity and mortality and was abandoned once effective 
antihypertensive drugs had started to emerge. More recently 
and applying a similar conceptin patients with resistant 
hypertension, catheter-based radiofrequency ablation of renal 
nerves (as schematically illustrated in Fig. 1.2) resulted in 
significant blood pressure reduction in the Symplicity HTN-1 
pilot study [24] and in the randomized controlled Symplicity 
HTN-2 trial, in which optimal medical therapy + RDN was 
compared to optimal medical therapy alone ((25], Fig. 1.3). 
Meanwhile, Symplicity HTN-1 and Symplicity HTN-2 stud- 
ies provided data to indicate that blood pressure changes that 
occurred were sustained up to 3 years post-procedure [26, 
27]. Data from experienced centers also provided ABPM 


nerves (©2014 Medtronic, Inc. Printed with Permission). Lower left: 
Catheter is rotationally pulled back in order to provide energy to supe- 
rior, posterior, anterior and inferior part of the vessel in an attempt to 
provide a circumferenterial complete denervation. Right: The view of 
the investigator in four different positions of renal denervation [1—4] 


measurements showing that systolic and diastolic night time, 
day time and average blood pressure were significantly 
reduced in resistant hypertensive patients, while in pseudore- 
sistance only office but not ABPM values were diminished 
[28]. In patients with moderately elevated levels of blood 
pressure a reduction was also observed [29], albeit the effect 
was less pronounced. The intriguing finding that after renal 
denervation not only renal spillover but also a total body spill- 
over is reduced, is strongly arguing in favor of a significant 
role of both, afferent and efferent denervation [30]. 


Pathophysiology of Potential Adverse 

Effects of Renal Denervation 

Exercise Tolerance and Heart Rate 

Concerns were raised that renal denervation might 


produce a limitation in exercise tolerance through inter- 
ference with the sympathetic nervous system [31]. 
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Fig. 1.3 Changes in systolic and 
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However, a systematic cardiorespiratory exercise testing 
revealed no evidence for chronotropic incompetence, 
while exercise tolerance was even slightly increased [32]. 
Furthermore, exercise blood pressure levels and heart rate 
responses and recovery were also reduced by renal dener- 
vation [32], which might explain the improved exercise 
tolerance. Furthermore, this finding might provide indirect 
evidence for potential clinical benefits, because these fac- 
tors are related to cardiovascular complications including 
sudden cardiac death [33, 34]. Significant bradycardia was 
not observed [24-27], probably because heart rate reduc- 
tions were only reported at higher levels of resting heart 
rates at baseline with no significant effects on atrioven- 
tricular conduction [35]. Interestingly, heart rate reduction 
and blood pressure reduction showed a dependency on 
baseline levels, i.e. blood pressure and heart rate effects 
were most pronounced in those patients with the highest 
the baseline values (Fig. 1.4, [35]). 


Orthostatic Dysfunction 


Sympathetic nervous activity regulates the increase of heart 
rate in vasoconstriction to maintain sufficient blood pressure 
after orthostatic stress. Tilting causes the transfer of thoracic 
blood into the venous capacitance vessels and promoted fluid 
filtration into the interstitium resulting in up to 1,500 ml 
acute volume shifting [36], which has to be counterbalanced 
by activation of the sympathetic nervous system. Therefore, 
concerns have been raised on whether hypotensive reactions 
might limit the clinical benefits of renal denervation [37], 
which is evidenced by a drop in sympathetic activity 
and baroreceptor function just before collapse in syncope 
[38-41]. However, systematic table tilt testing has not shown 


significant occurrence of syncope or blood pressure drops in 
patients after renal denervation, in particular no difference 
between responders and non-responders to blood pressure 
reduction after renal denervation [42]. 


Psychological Disturbances 


Hypertension is often associated with anxiety [43] involving 
activation of the autonomic nervous system in this condition 
[44]. Depression is also associated with a dysregulation of 
the central nervous noradrenergic process [45], but depressed 
individuals often have an activation of the peripheral sympa- 
thetic nervous system [46]. However, renal denervation has 
been reported to increase quality of life [47] and was not 
associated with increased depressive symptoms, rather it was 
associated with reduced anxiety, depression, intensity of 
headaches and with improved stress tolerance in patients 
with resistant hypertension [48]. 


Perspectives 


Renal denervation is a promising field to improve many dis- 
ease conditions by a reduction of sympathetic activity 
beyond hypertension with a sound pathophysiological back- 
ground [49]. It might proof to be effective in renal protection 
[50], atrial [51] and ventricular [52] arrhythmias, sleep apnea 
[53], hypertrophy reduction [54] and heart failure [55] as 
well as in metabolic syndrome [56]. In particular, in the latter 
conditions prospective trials with appropriate clinical end- 
points have to be evaluated in order to proof the pathophysi- 
ological concept raised by the first experiences with renal 
sympathetic denervation. 
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Fig. 1.4 Change in blood pressure (left) and heart rate 
(right) after 3 and 6 months according to the systolic blood 
pressure (SBP) and heart rate (HR) and the results at 
baseline. Please note that the higher SBP or heart rate at 
baseline were the greater were the reduction at follow-up 
(Reprinted from Ukena et al. [35] with permission from 
Elsevier) 
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C. Venkata S. Ram and A. Sreenivas Kumar 


Systemic hypertension is of major importance world-wide 
due to its significant public health implications. Hypertension 
is a common clinical disorder encountered not just in the 
western or industrialized world but also in underdeveloped 
and emerging countries. In most populations (at least in the 
western hemisphere) one in three individuals have hyperten- 
sion and hence it is the largest contributor to excessive mor- 
tality and morbidity. Hypertension is a merciless killer 
without sparing the attributes of age, gender, and socio- 
economic status. Despite remarkable advances in the physi- 
ology, and pharmacology of hypertension, blood pressure 
(BP) control rates are quite low globally. Whatever the rea- 
sons may be, most patients with hypertension fail to achieve 
recommended goal BP levels. 

Even among treated patients, some exhibit “resistant 
hypertension” which can lead to accelerated target organ 
damage and serious health consequences. Thus, resistant 
hypertension is recognized as a special clinical entity. 
Patients with resistant hypertension require greater attention 
from the medical community and closer surveillance. While 
the etio-pathogenesis of resistant hypertension is complex 
and multi-fold, sympathetic nervous system (SNS) play a 
pivotal contributory role [1—4]. The importance of SNS in 
BP regulation has been established for many years. And a 
link between SNS and hypertension is an accepted interlink- 
ing mechanism. Due to the integrated connection between 
SNS and hypertension, the earliest anti-hypertensive drugs 
were all designed and developed to inhibit the activity of 


C.V.S. Ram, MD, MA, CP, FACC (%4) 
Apollo Institute for Blood Pressure Management, Apollo Blood 
Pressure Clinics, Apollo Hospitals, Hyderabad, AP, India 


Texas Blood Pressure Institute, Medical School, University of 
Texas Southwestern, Dallas, TX, USA 
e-mail: ramv @dneph.com; drram_v @apollohospitals.com 


A.S. Kumar 

Cardiology Department, Continental Hospitals, 
Hyderabad, AP, India 

e-mail: arramraj@ yahoo.com 


SNS - either directly or indirectly. Thus, anti-sympathetic 
drugs have always remained as an inevitable ingredient and 
an cornerstone of pharmacotherapy of hypertension. Either 
as an initial choice or add-on option, sympathetic blocking 
drugs are commonly used world-wide in the long term treat- 
ment of hypertension. This chapter covers the physiological 
rationale of renal denervation therapy in the treatment of 
hypertension. 


SNS and BP (Dys)regulation 


Increased activity of SNS results in a parallel increase in the 
BP level and contributes to the development (and mainte- 
nance) of hypertension. Inappropriate or excessive stimula- 
tion of SNS causes increased cardiac output (CO), systemic 
vascular resistance (SVR), and sodium/fluid retention — all 
of which raise the level of BP. Hypertension is characterised 
by autonomic imbalance — TSNS and | parasympathetic tone. 
In the early stages of hypertension, there is a correlation 
between the heart rate and BP levels, providing further evi- 
dence for the role of SNS in cardiovascular homeostasis [5— 
7). An increase in the heart rate is due mainly to decreased 
parasympathetic tone and an increase in the BP level is due 
mainly to increased SNS which attests to the concept of 
autonomic imbalance in hypertension. Increased SNS activ- 
ity by causing vascular smooth muscle proliferation and 
remodelling increases the diastolic blood pressure. Nor- 
epinephrine (NE) spillover — an index of sympatho-effector 
nerve stimulation is greater in patients with hypertension 
than in normotensive controls which supports the theory that 
increased SNS activity facilitates the development and main- 
tenance of hypertension. 

The precise governing pathways of increased SNS activity 
in hypertension involve various chemoreflex and baroreceptor 
aberrations at the peripheral and central levels of neurogenic 
regulation [8]. Certain chemoreflex functions are altered in 
hypertension via enhancement of sympathetic activity; for 
example apnea/hypoxia augment the chemoreceptor activity 
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and thus to exaggerated sympathetic function. A classical clin- 
ical correlate of this mechanism is hypertension in patients 
with obstructive sleep apnea syndrome. Baroreceptors (in the 
arterial tree) are reset to a higher pressure level in hyperten- 
sion, compared to matched normotensive controls. The baro- 
receptor resetting in hypertension is mainly through neurogenic 
mechanisms and to some extent mediated by central actions of 
angiotensin-II [9]. Sympathetic stimulation in hypertension is 
amplified by angiotensin-II. The activity of SNS in hyperten- 
sion is dictated partially by the renin-angiotensin-aldosterone 
system (RAAS). 

Persistent stimulation of SNS in hypertension induces left 
ventricular hypertrophy and vascular remodelling demon- 
strating its direct influence on target organ damage and dys- 
function. SNS also influences the release of transforming 
growth factor-B, fibroblast growth factor and insulin-like 
growth factor — all of which contribute to increased vascular 
resistance and decreased blood flow. Neurogenic factors, 
thus mediate the development of hypertension and target 
organ damage. 

The ultimate actions of SNS on cardiovascular hemeosta- 
sis are triggered at the cell surface receptors — « and p. These 
two main receptors are further differentiated into various 
subtypes — a1, a-2, B1, B2 and B-3, etc. The process of recep- 
tor signaling is critical to the vascular actions of catechol- 
amines. Activation or deactivation of adrenergic receptors 
leads to simultaneous and instant changes in the heart rate 
and blood pressure. Increased expression of adrenergic 
receptors has been noted in hypertension. Neuronal cell bod- 
ies are located lateral to the spinal cord and anterior to the 
vertebral column. Sympathetic afferents terminate in the spi- 
nal cord and there is a feedback system to the central nervous 
system (CNS). The areas of brain concerned with cardiovas- 
cular control are — nucleus tractus solitarius (NTS), rustro- 
ventrolateral medulla (RVLM), area prostrema (AP), and 
caudal ventrolateral medulla (CVLM). All these centers are 
under the tonic influence of afferent and efferent nerve traf- 
fic. Although the spinal cord components may catalyse some 
of the mediator functions of catecholamine, it is the higher 
centers in brain which contribute to the development of sys- 
temic hypertension. 


Renal Sympathetic Activity: Relationship 
to SNS 


With the recognition that sympathetic blocking drugs like 
phentolemine increase renal blood flow in hypertension, 
the role of renal sympathetic activity in hypertension has 
been extensively studied [10]. It is now established that 
renal nerve stimulation increases renal vascular resistance, 
decreases sodium and water excretion, and stimulates 
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renin secretion — thus elevating the systemic blood pres- 
sure [11]. Direct assessments of function of renal sympa- 
thetic nerves have shown increased activity in hypertension; 
and renal denervation prevents or reverses experimental 
hypertension. Therefore, it has become evident that renal 
sympathetic activity exerts a pathogenetic role in the 
hypertension. 

Renal sympathetic activity not only has an effect on 
the vasculature but also on the renal tubular functions [12]. 
The degree of renal sympathetic stimulation impacts renin 
secretion, sodium/fluid absorption, and renal blood flow; 
and these mechanisms raise the systemic blood pressure. It 
can thus be hypothesized that the SNS plays a contributory 
role in the development of hypertension in part mediated by 
renal sympathetic activity. The autonomic control of the 
kidney is predominantly sympathetic in nature correlated 
anatomically by a dense net-work of sympathetic neurons in 
the kidney [13]. 

The sympatho-renal axis defines the dual contribution of 
the kidney in causing neurogenic hypertension. Both the 
efferent and afferent neuronal signals between and kidney 
the central nervous system create a loop of multiple hemody- 
namic abnormalities raising the systemic blood pressure. 


Renal Afferent Sympathetic Activity 


Mechanoreceptors populating the renal pelvis and chemo- 
receptors populating the renal interstitium influence the 
central sympathetic activity. In the human model of pro- 
gressive renal disease, it was shown that muscle sympa- 
thetic nerve activity (MSNA) is enhanced [14] which can 
be reversed by nephrectomy. In experimental models, pro- 
gression of renal disease is accompanied by increased con- 
centrations of norepinephrine in the hypothalamus. These 
findings are advanced by the demonstration that it is the 
(innervated) kidney but not the uremic environment which 
is responsible for excessive sympathetic activity. Ischemia/ 
hypoxia of chronic kidney disease trigger afferent signals 
to the brain which in turn promote efferent signals to the 
kidney — with resultant hypertension. The restoration of 
normal blood pressure by renal denervation in the labora- 
tory model of renovascular hypertension confirms the role 
of renal afferents in hypertension. Additionally, adenosine 
infusions (by stimulating the renal afferent activity) raise 
the systemic blood pressure. The chemoreceptor mediated 
renal afferent sympathetic activity (activated in patients 
with chronic kidney disease) is restored by oxygen inhala- 
tion. In polycystic kidney disease, renal ischemia occurs as 
a result of compression by the cysts and hypertension and 
in this condition is reversed by renal denervation. The afore- 
mentioned studies and data confirm the renal contribution 
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to central sympathetic drive — a phenomenon which can be 
blunted by deafferentiation of the renal nerves. Decreasing 
the renal afferent activity reduces the “excitatory input” to 
the central nervous system which in turn lowers the sys- 
temic vascular resistance, the cardiac output, and the heart 
rate [15-18]. 

The unmyelinated (afferent) fibers from the kidney trans- 
mit “sensory” information to the central nervous system [19, 
20]. The afferents from the kidney enter the neuronal sites at 
both the spinal and supraspinal levels. The cardiovascular 
centers in the brainstem receive the inputs directly from the 
renal afferent network of nerves. These renal afferents trans- 
mit the mechanoreceptor and chemoreceptor information 
from the kidney to the brain. The chemoreceptors are mainly 
found in the renal pelvis whereas the mechanoreceptors are 
localized in the pelvis plus the renal cortex as well. Electrical 
stimulation of the renal afferent nerves causes sympathoex- 
citation and enhancement of cardiovascular reflexes in the 
brain and augmentation of systemic blood pressure. Renal 
afferent denervation by dorsal rhizotomy prevents the onset 
of hypertension. Stimulation of renal afferents also enhances 
the central release of vasopressin and oxytocin [21] but the 
role of these hormones in blood pressure regulation is not 
known. 


Renal Efferent Sympathetic Activity 


Stimulation of renal efferent nerves increases renin secre- 
tion, tubular absorption of sodium and decreases the renal 
blood flow [16, 20]. These consequences of renal efferent 
function raise the systemic blood pressure. Increased release 
of renin (via efferent nerve activity) [22] contributes to 
hypertension via multiplicity of effects including angioten- 
sin-II and aldosterone generation. The obliteration of renal 
efferent activity is therefore a logical therapeutic target to 
restore normal blood pressure. Experimental renal deefferen- 
tiation has been shown to decrease the blood pressure in vari- 
ous models of hypertension. 

The efferent renal sympathetic nerves modulate the 
regional and systemic hemodynamics through the release of 
local neurotransmitters. It is possible that norepinephrine 
and neuro-peptide Y are the candidates involved in the effer- 
ent signalling pathway. Renal efferents also reduce the glo- 
merular filtration rate (GFR) by selectively constricting the 
afferent arteriolar apparatus in the kidney. The renal efferent 
nerves form a dense web in and around the anatomical struc- 
tures linked to renal cardiovascular regulation — juxtaglo- 
merular apparatus, loop of Henle, and the renal tubules. 
Renal efferent stimulation stimulates protein kinase which 
plays a key role in the mitogenesis and hypertrophy of renal 
vasculature. 


Renal sympathetic nerve activity (RSNA) has a pathoge- 
netic role in the development of hypertension. Both the affer- 
ent and efferent sympathetic activities govern the factors in 
hypertension — SNS, renin stimulation, sodium balance, car- 
diac output, heart rate, and systemic vascular resistance. 
Support for the role of RSNA in hypertension is evidenced 
by the restoration of blood pressure by renal denervation 
[23-25]. RSNA directly or indirectly influences the funda- 
mental mechanisms and concepts of blood pressure control. 
There is a sound physiological basis for the kidney — brain 
link through the network of efferent and afferent bidirec- 
tional anatomical pathways. Renal sympathetic nerve activ- 
ity therefore plays a role in blood pressure regulation in 
physiological and pathophysiological conditions. 


Renal Sympathetic Denervation and Blood 
Pressure Regulation 


In the earlier years of last century, non-selective sympathet- 
ectomy was shown to reduce the blood pressure dramatically 
in human hypertension. In many patients, crude non-selective 
surgical sympathetectomy provided a dramatic relief from 
severe hypertension [26-28]. While this procedure effec- 
tively lowered the blood pressure, it was associated with 
morbidity and disabling postural hypotension which 
impaired the patients’ quality of life. The surgical experience 
with crude sympathetectomy reflected the pivotal role of 
SNS and RSNA in the genesis of hypertension. Surgical 
renal denervation by interrupting the sympathetic outflow 
and input to the kidney caused a fall in the blood pressure, 
inhibited renin release, and augmented natriuresis/diuresis. 

The newer technique of causing renal denervation selec- 
tively with low-frequency radio-ablation applied to the endo- 
thelial lining has been shown to be safe and effective in the 
treatment of hypertension. The procedure involves circum- 
ferential application of radiofrequency energy in both renal 
arteries. Successful denervation with this technique causes a 
substantial drop in systemic blood pressure, presumably by 
intercepting the neural traffic (afferent and efferent) between 
the kidney and the brain. In other words, selective renal 
denervation (RDN) produces a systemic and renal anti- 
sympathetic effect resulting in lowering of the blood 
pressure). 

Clinical studies [29-31] have shown a remarkable fall in 
blood pressure as a result of RDN in patients with resistant 
hypertension (Table 2.1). The anti-hypertensive effect was 
sustained over a period of 2 years implying the durability of 
RDN in the treatment of resistant hypertension. RDN ther- 
apy caused a measurable reduction in the indices of sympa- 
thetic activity includes muscle sympathetic nerve activity 
(RSNA). 
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Table 2.1 Proof of principle: related changes in underlying physiology 


Baseline 

Office BP (mmHg) 161/107 
Renal NE spillover (ng/min) 

Left kidney 72 

Right kidney 79 
Total body NE spillover (ng/min) 600 
Plasma renin (j1g/I/h) 0.3 
Renal plasma flow (ml/min) 719 


Created using data from Schlaich et al. [31] 


Conclusions 

Sympathetic nervous system (SNS) plays a major role in 
the pathogenesis of hypertension. The activity of SNS is 
particularly abnormal in resistant hypertension. It is 
firmly established that neurogenic factors mediate the 
onset and progression of hypertension. The link between 
the kidney and the brain has the anatomic basis via renal 
afferent and efferent nerves, correlating with excessive 
SNS activity in all grades of hypertension. This patho- 
physiological connection between the kidney and brain is 
confirmed by enhanced muscle sympathetic nerve activity 
and non-epinephrine spill over in human hypertension. 
The results of RDN therapy in hypertension suggest a 
reduction in the SNS activity and renal nerve traffic. The 
pathophysiologic mechanisms discussed explain the 
physiological rationale for renal denervation therapy in 
hypertension. While the gross therapeutic consequences 
of renal denervation on the mechanisms of hypertension 
are evident, the molecular and cellular correlates of such 
mechanisms remain to be elucidated. 
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Key Points 

e The swine model is frequently used for the preclini- 
cal study, since the anatomy of the renovascular 
system is similar to that of humans. 

e A semi-quantitative ordinal grading system is use- 
ful for the evaluation of the histopathologic changes 
induced by renal denervation. 

e Appropriate time points (acute, sub-acute, or 
chronic) must be selected before conducting pre- 
clinical study. 


Arterial hypertension is a major health concern in the devel- 
oped and developing world. More than a quarter of the 
world’s adult population was affected by hypertension in 
2000, and this proportion is expected to increase by 2025 to 
29 % [1]. Hypertension is associated with an increase in the 
risk of myocardial infarction, heart failure, stroke, and kid- 
ney disease [2]. Each difference incremental increase in BP 
of 20 mmHg systolic or 10 mmHg diastolic doubles the risk 
of death from stroke or ischemic heart disease for individuals 
aged 40-69 years [3]. Although antihypertensive medica- 
tions are the first-line of treatment for blood pressure control 
in hypertensive patients, uncontrolled hypertension rates 
have a high prevalence especially in older Americans, non- 
Hispanic blacks, diabetic individuals, and patients with 
chronic kidney disease [4]. Furthermore, the prevalence of 
resistant hypertension, which is defined as failure to achieve 
control of blood pressure (BP) (<150/90 in ages >60 years; 
<140/90 in ages <60 years) [5] despite treatment with opti- 
mal doses of three or more antihypertensive medications 
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(including diuretics), is as high as 12-15 % of all hyperten- 
sive patients [6-8]. 

Renal sympathetic denervation is a new treatment option 
for resistant hypertension. Catheter-radiofrequency (RF) 
based renal denervation has demonstrated its efficacy and 
safety in the SYMPLICITY-HTN1, SYMPLICITY-HTN2 
and EnligHTN trials [9-11]. Furthermore, the decrease in 
blood pressure after RF renal sympathetic denervation has 
been shown to persist for 3 years in SYMPLICITY-HTN1 
trial [12]. These small studies have encouraged the 
development of new technologies such as RF ablation with 
saline irrigation, extracorporeal focused ultrasound, and 
peri-adventitial injection of ethanol [13-16]. However, 
recently Medtronic, Inc. (Minneapolis, MN) announced that 
the SYMPLICITY-HTN3 hypertension trial failed to meet 
its primary efficacy endpoint [17]. The SYMPLICITY- 
HTN3 trial was a pivotal study designed as a prospective, 
randomized, masked procedure, sham controlled, single- 
blind trial evaluating the safety and effectiveness of catheter- 
based bilateral renal denervation for the treatment of 
uncontrolled hypertension despite compliance with at least 
three antihypertensive medications of different classes at 
maximal tolerable doses [18]. Although peer-reviewed 
results of SYMPLICITY HTN-3 have not published as of 
yet, the results of SYMPLICITY III will impact all aspect of 
the renal sympathetic denervation. For the moment many 
unanswered questions remain, however preclinical studies 
using different animal models may help researchers and 
clinicians to find answers. 


Preclinical Model 


Studies carried out in small rodents have assessed the effect 
of renal sympathetic denervation [19-21], however, the cur- 
rent percutaneous procedures are not applicable to small ani- 
mals. Larger animals such as pig, dog, or sheep can be used 
for the performance of percutaneous renal sympathectomy in 
preclinical study. The swine preclinical model is the most 
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frequently used since the anatomy of renal vasculature and 
sympathetic nerve distribution closely mimics that of man 
[22, 23]. Recently, Tellez et al. have reported the renal artery 
sympathetic nerve distribution in the porcine model [24]. 
They investigated a total of five domestic Yorkshire swine, 
and showed that the nerve counts were greatest in the proxi- 
mal region (45.62 %) with a gradual decrease distally (mid: 
24.58 %; distal: 29.79 %) [24]. Also, 52 % of all nerves were 
located within 2.5 mm from the arterial wall [24]. It is most 
important to determine the differences in nerve anatomy, 
between swine and human as the former is used to predict the 
likely outcomes in man. Atherton et al. reported the nerve dis- 
tribution in nine renal arteries collected from five human 
cases [25]. They summarized that 90.5 % of all nerves existed 
within 2.0 mm of the renal artery lumen, and the number of 
nerves tended to increase along the length of the artery from 
proximal to distal segments (proximal =216; middle 323; dis- 
tal=417) [25]. However, there were many methodological 
problems. The most important weakness of the study is that 
they measured nerves only within 2.5 mm of the ring from the 
lumen. Nerves beyond 2.5 mm were not included or men- 
tioned. Also, the number of samples was too few and no per- 
fusion fixation procedures were used to determine the 
variability in sampling and fixation artifacts introduced from 
collapse and shrinkage. We believe that more refined study 
methods are needed for the evaluation of human sympathetic 
renal nerve distribution, which must include perfusion fixa- 
tion, all nerves must be assessed irrespective of distance and 
minimum of at least 20 individual cases must be studied. 
Histologic assessment of nerve injury that will be induced 
during percutaneous ablation in animal models must be 
graded systematically and the distance from the lumen of the 
artery to the presence of nerves circumferentially must be 
determined. Similarly the extent of renal artery damage must 
also be graded by a well-developed and reproducible method. 


How to Evaluate Histopathology 
in Preclinical Models 


First and foremost all renal arteries must be perfusion 
pressure fixed at 80-100 mmHg. However, the renal artery 
length must be determined in vivo upon removal of tissue 
from the body, especially arteries which undergo shrinkage 
artifacts. It has been shown that the aorta undergoes marked 
shrinkage when removed from the body and is estimated to 
undergo as much as 30-40 % shrinkage but this is dependent 
on the age of the patient, with younger individuals showing 
greater shrinkage than older individuals because of loss of 
elasticity with age. Similarly it has been estimated that 20 % 
shrinkage occurs just because of fixation and dehydration 
used prior to sectioning in paraffin. 

Semi-quantitative ordinal grading schemes are useful, 
when changes in the nerve, renal artery, and peri-arterial 
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soft tissue are evaluated following denervation [26]. When 
evaluating nerve damage, it is important to mention that 
tissue damage may affect the peri-neuronal and/or endo- 
neuronal portions of the renal nerves. The assessment of 
peri-neuronal injury should include inflammation and 
fibrosis. Although acute-phase nerve injury may not neces- 
sarily be accompanied by peri-neuronal inflammation or 
fibrosis, chronic-phase nerve injury usually exhibits peri- 
neuronal fibrosis. Vacuolization and digestion chambers are 
unique findings of endoneuronal damage. Vacuolization is 
characterized by the presence of vacuolated areas, contain- 
ing loose connective tissue with rare areas of homogenous 
eosinophilic staining of cell cytoplasm along with pyknotic 
nuclei [27]. Digestion chambers are identified by variable 
amounts of aggregated myelin (eosinophilic hyaline glob- 
ules) and vacuolated spaces with occasional cells inter- 
spersed [27]. Since minimal or mild injury can be seen even 
in untreated animals form artifacts, moderate and severe 
injury, typically digestion chambers, frequent vacuoliza- 
tion, and necrosis, are considered as definite injury caused 
by renal denervation therapy. 

Immunohistochemical stains can be used to distinguish 
the morphological or functional presence of neuronal 
markers relevant to renal sympathetic activity. However, 
most markers applied to date are not specific for sympathetic 
nerves. For example, immunoreactivity against S-100 
protein, a marker for Schwann and glial cells, can be observed 
in all myelinated nerves [28], while neurofilament protein 
(NFP) as an intermediate filament serves as a marker for 
neurons and ganglion cells. Glial fibrillary acidic protein 
(GFAP) is a marker for glial cells and can be used for the 
recognition of nerve fascicles [29]. On the other hand, 
immunohistochemisty against tyrosine hydroxylase, which 
is the enzyme needed for converting tyrosine to DOPA 
(dihydroxyphenylalanine), is the most frequent marker used 
for efferent nerve recognition [30], and is graded as absence, 
very weak, moderate, and strong staining [26]. Therefore, 
the combination of any one axonal marker (S-100, NFP, or 
GFAP) and functional marker (tyrosine hydroxylase) would 
be important for the comprehensive evaluation of preclinical 
denervation therapy for efferent fiber identification. An 
immunostain against calcitonin gene-related peptide 
(CGRP), which is a neurotransmitter of sensory nerves, can 
be used as a marker of afferent fibers in pigs [24]. However, 
since the proportion of afferent nerve fibers is too little as 
compared to efferent nerve fibers, it would be difficult to 
evaluate treatment effect by using afferent nerve fibers [24]. 
Representative images of immunohistochemistry are shown 
in Fig. 3.1. 

For the assessment of treatment reactions to the vascular 
and peri-vascular soft tissue including adjacent organs 
(kidney, lymph nodes, ureters, and renal veins), ordinal data 
can be obtained for multiple parameters including endothe- 
lial loss, arterial and venous medial injury, inflammation, 
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6 hours 


6 months 


Fig. 3.1 Presentation of nerve fascicles targeted by RF energy at 
various time points post treatment. Nerve fascicle necrosis and vacu- 
olisation can be found as early as 6 h after treatment using the 
Medtronic Symplicity™ device. Perineural delamination and fibrosis 
as well as moderate to severe inflammation are evident at 10 days. At 


degenerative changes and necrosis. Competent endothelium 
is the most important luminal barrier against activation of 
coagulation pathways and adhesion of thrombi, it is impor- 
tant especially at early time points to assess its presence or 
absence. Acute or chronic inflammation can be a sign of irre- 
versible tissue damage and should be evaluated in associa- 
tion with the presence of degenerative changes or necrosis. 
In addition, distances from affected tissue injury to the inti- 
mal luminal surface of the treated arterial segment can be 
measured with digital morphometry in histologic sections, 
and these measurements help determine the longitudinal 
depth of injury. 


Histopathology of Radiofrequency Ablation 
Induced Lesions 


RF energy is a form of alternating electrical current that pro- 
duces an ablation area by two mechanisms: (1) direct resis- 
tive heating of the tissue in contact with the catheter tip, and 


this time point, nerve fascicles displayed less intense staining for 
neurofilament protein (NFP) and tyrosin hydroxylase (TH, arrows). 
At 6 months, NFP staining was observed while TH staining was 
absent (Reprinted from Ammar et al. with permission from Europa 
Digital & Publishing [31]) 


(2) thermal conduction or passive heat transfer to deeper tis- 
sue layers [31]. While direct resistive heating in regions 
close to the RF current is rapid, passive heat transfer to 
deeper tissue layers is a slower process [32]. Since the heat 
transfer continues even after discontinuation of RF current 
delivery, ablation area may expand following RF current ces- 
sation. Both bipolar mode and unipolar mode are used for the 
generation of RF electrical current. RF current is delivered to 
the target regions through transarterial electrode catheters 
with a catheter tip ranging in length from 4 to 10 mm. 
Steigerwald et al. reported the acute (45 min) and sub- 
acute (10 days) histopathologic changes and optical coher- 
ence tomographic (OCT) findings following RF ablation in 
the swine model [33]. Seven pigs underwent RF ablations of 
the renal arteries utilizing the Symplicity Catheter System 
(Medtronic Ardian, Mountain View, CA). In the acute phase, 
angiography showed vessel notches at the site of ablation 
where the catheter tip had been positioned. OCT at acute 
phase showed thrombotic material and a loss in signal inten- 
sity of the media wall as a result of acute cell depletion and 
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Fig. 3.2 Renal artery imaging per angiography and optical coherence 
tomography (OCT). Upper panel images: angiography images at base 
line (left), acute after radiofrequency therapy (mid) and subacute at 
10 days follow-up (right). At the acute time point vessel notches are 
apparent at the lesion site (black arrow heads) accompanied by moder- 
ate vessel spasm. At 10 days vessel notches are still discernable. Lower 


cellular edema, whereas thrombotic material was absent at 
10-day follow-up (Fig. 3.2). Histologic findings revealed the 
presence of thrombus formation and depletion of endothelial 
cells, which were confirmed by absence of von Willebrand 
factor (VWF) staining (Fig. ) [33]. The arterial media 
showed edematous cell swelling with a reduction in cellular- 
ity [33] (Fig. 3.4). Also, the adjacent adventitial layer showed 
coagulation necrosis of the connective tissue and cell 


Post treatment (acute) 


yp 


Post treatment (acute) 


K. Sakakura et al. 


10 days post treatment 


panel images: OCT images of untreated arteries (left), arteries acutely 
after treatment (mid) and 10 days posttreatment (right). Lesion sites 
were distinguishable from naive tissue in the presence of lumen retrac- 
tion (white arrow heads). The arteries displayed thrombotic material (*) 
and loss of signal intensity (white arrows) acutely after radiofrequency 
treatment (Reproduced with permission from Steigerwald et al. [33]) 


depletion. The number of nerve fascicles around the treated 
arteries were significantly affected as compared to the 
untreated arteries. Immunostaining against neurofilament 
protein did not show abnormal staining pattern in the acute 
injured nerves (Fig. 3.5). In the sub-acute phase, re-endothe- 
lialization was evident by the presence of vWF staining 
(91 %) and thrombus was absent (Fig. 3.3) [33]. The recov- 
ered media showed fibrotic scar tissue comprising 11 % of the 
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Fig.3.3 von Willebrand factor immunohistochemical staining of arter- 
ies after radiofrequency-based renal sympathetic denervation. Upper 
panel images show the luminal surface of the renal arteries (a) acutely 
and (b) sub-acutely after treatment. Inserts represent images at higher 


media area, however substantial variability in the degree of 
medial fibrosis was evident (Fig. 3.4) [33]. Nerve fascicles 
showed degenerative morphologic changes consisting of vac- 
uolization and thickening of the perineurium [33]. Also, 
Immunostaining against neurofilament protein showed weak 
or loss of staining (Fig. 3.5) [33]. This study suggests the 
importance of difference between acute and subacute in the 
nerve injury and staining characteristics of pre-clinical por- 
cine model following RF sympathetic denervation. 

Rippy et al. reported on the chronic histopathologic 
changes of RF ablation in swine [22]. Seven swine were 
treated with the Symplicity Catheter System, with angiogra- 
phy and histopathology performed at 6-months. By angiog- 
raphy, there was no restenosis or other vascular complication 
at 6-month follow-up [22]. Histopathology of the renal arter- 
ies at 6-months showed media injury consisting of fibrotic 
replacement of the smooth muscle cells of the media with 
disruption of the IEL (10-25 %) [22]. Minimal intimal thick- 
ening was observed in treated renal arteries with complete 
endothelializatio [22] (Fig. 3.6). The renal nerve injury at 
6 months was characterized by fibrosis of the nerve fibers 
and perineural thickening (Fig. 3.6) [22]. These findings 
show the long-term safety of RF ablation. 


Histopathology of Cryoablation 
Induced Lesions 


Cryoablation has evolved as an alternative therapy to con- 
ventional RF ablation of the conduction system since the late 
1990s [34]. The catheter tip is cooled to -70 °C to —80 °C by 
instilling liquid NO, in the catheter [35]. As compared to the 
thermal injury caused by RF ablation, the targeted tissue is 


magnification. There is absence of von Willebrand factor staining 
acutely following treatment, whereas there is strong staining present in 
the subacute phase (Reproduced with permission from Steigerwald 
et al. [33]) 


frozen, and tissue structure remains almost unchanged when 
used for the treatment of arrhythmia [36]. On the other hand, 
the limitations include a higher recurrence rate of arrhythmia 
following cryoablation [35]. 

Prochnau et al. reported the histopathologic changes of 
cryoablation of perirenal nerves in a sheep model [37]. A 
standard seven French cryocatheter, with a 6 mm tip (Freezor 
Xtra; Medtronic Inc., Minneapolis, MN) was used for renal 
denervation and the temperature was lowered to minus 81 °C 
for 4 min. Changes were determined at 48 h, at 1 month, and 
at 3 months. Histopathology of renal arteries showed focal 
coagulation necrosis of the intima and media at 48-h [37]. At 
1 month, regeneration of endothelium, which was confirmed 
by immunostaining (CD31), was observed [37]. At 3 months, 
there was a loss of axons which was confirmed by immuno- 
histochemistry against neurofilament protein [37]. 


Histopathology of Ultrasound Ablation 
Induced Lesions 


Ultrasound energy has also been applied to achieve renal sym- 
pathetic denervation. Overall, both intravascular and extracor- 
poreal ultrasound ablation have been used for renal denervation 
[14]. Mabin et al. reported the first experience with endovas- 
cular ultrasound renal denervation for the treatment of resis- 
tant hypertension [38]. They enrolled 11 consecutive patients 
with resistant hypertension for the treatment by transcatheter 
renal denervation using the CE-marked PARADISE™ tech- 
nology (ReCor Medical, Ronkonkoma, NY). Clinically, 
3-months results were comparable to RF renal denervation 
with an average reduction in office and home blood pressure 
of —36/-17 mmHg and —22/-12 mmHg, respectively. 
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Fig. 3.4 Histological cross-sections of the treated renal arteries. 
Overview images represent elastica von Giesson-stained sections. 
Higher magnified images are stained hematoxylin and eosin (scale 
bars represent a length of 200 mm). Black arrow heads point to the 
lesion site, which engages approximately 20 % of the vessel circum- 
ference. Remnant nerve fascicles (N) are evident for both groups at the 
lesion site. Upper panel images: images of a renal artery cross-section 
acutely after radiofrequency therapy. At the lesion site the internal 
elastic lamina (IEL) shows minimal disruptions. Accumulation 
of thrombotic material (Thr) is evident at locations absent of an 


On the other hand, high-intensity focused ultrasound has 
been developed to noninvasively ablate tissue by extracorpo- 
real delivering of focused acoustic energy, and has been used 
to ablate deep solid tissue like kidney, liver, and uterine 
tumors [14, 39-41], and more recently brain and glaucoma 
[42, 43]. Wang et al. reported 6 and 28 days histopathologic 
findings following extracorporeal high-intensity focused 
ultrasound (HIFU) (36.3+2.8 HIFU emission in each ani- 
mal) delivered to the peri-renal tissues in the canine model 
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endothelial layer. The media is retracted and displays reduced cellular 
density and edema (white arrow). The adventitia (Adv) exhibits coagu- 
lation of connective tissue. Lower panel images: images of a renal 
artery cross-section subacutely (10-day follow-up) after radiofre- 
quency therapy. Surface endothelialization (EC) is restored and pres- 
ence of thrombus is no longer discernable. The intima is minimally 
thickened and the media shows presence of fibrotic scar tissue com- 
prising full media thickness. The adventitia displays inflammatory 
reaction and vasculogenesis (black arrows) (Reproduced with permis- 
sion from Steigerwald et al. [33]) 


[14]. Following ablation at 28-days blood pressure and 
plasma noradrenaline levels were significantly decreased as 
compared to baseline. Gross findings at 6 day showed several 
hemorrhagic spots on the fatty tissue around the renal arter- 
ies also ablation lesions were observed on the renal artery 
adventitia following removal of the fatty tissue. At 28 days, 
the slightly yellow fatty tissue was adhered to the target 
lesion but the lesions of the fatty tissue had disappeared [14]. 
Histopathology at 6 day showed pyknotic nuclei and absence 
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Lesion margin 


Within lesion 


Naive 


Fig. 3.5 Morphological changes of nerve fascicles after treatment. 
Nerve fascicles immunostained for neurofilament protein and their 
respective hematoxylin and eosin (H&E) stained sections are shown 
at high magnification (scale bars represent a length of 200 mm) for 
(a-c) acute and (d-f) subacute groups. Treatment groups are further 
categorized according to their location within the treated arteries with 
(a, d) located at the margin of the lesion, (b, e) within the lesion and 
(c, f) within the naive arterial segments. Nerve fascicles of the acute 
group show regular neurofilament protein staining intensity (thick 
arrows) as compared to the control and naive vessel segments. A loss 


of nuclei, whereas histopathology at 28 day showed shrunken 
and vacuolated nerve fibers [14]. As compared to 6 days, the 
myxoid change of the nerve was more apparent at 28 days 
[14]. Also, histology of the renal vascular wall did not show 
any injury at 28 days. There was no inflammation, fibrosis, 
hyperplasia, or stenosis at 28 days [14]. By our estimation 
these morphologic changes of the nerves would be consid- 
ered minimal or mild. 


Histopathology of Beta-Radiation for Renal 
Nerve Denervation 


Waksman et al. reported the effects of beta-radiation in the 
swine at 1- and 2-months [44]. Vascular brachytherapy was 
delivered to the renal arteries using the Beta-Cath™ 3.5 Fr 
delivery system at doses of 25 and 50 Gy. Follow-up angiog- 
raphy at 1 and 2 months showed patent renal artery without 
restenosis or occlusion [44]. Histopathology showed focal 
hypocellular nerve fascicles with degeneration, vacuolization, 


of staining intensity (thin arrows) is discernable in a few number of 
nerve fascicles. In the subacute group, nerve fascicles within the 
lesion and at the lesion margin display enhanced vacuolic morphol- 
ogy, fibrosis and almost complete loss of neurofilament protein stain- 
ing (images e and f, arrow heads). (e) Shows vacuolic degeneration 
and thickening of the perineurium. Here, neurofilament protein stain- 
ing is reduced to evenly distributed focal areas. Remnant naive nerve 
fascicles remained unaffected with regards to their immunostaining 
profile 10 days after treatment (Reproduced with permission from 
Steigerwald et al. [33]) 


and perineural inflammation with/without fibrosis [44]. Also, 
dose-related effect was observed at 2 months. In this study, 
immunohistochemistry against anti-tyrosine hydroxylase and 
S-100 protein was performed to confirm the functional nerve 
damage by beta-radiation therapy. 

Histopathology of the renal artery showed focal adventi- 
tial fibrosis with myxoid change. Smaller arterioles showed 
varying degrees of injury, ranging from normal to perivascu- 
lar inflammation, typically showing internal elastic lamina 
and external elastic lamina tear with medial necrosis. Overall 
damage of large artery and small arterioles were greater in 
50-Gy as compared to 25-Gy [44]. 


Histopathology of Ethanol-Mediated 
Perivascular Renal Sympathetic Denervation 


Fischell et al. reported the effects of ethanol-mediated peri- 
vascular renal sympathetic denervation in swine model at 
14-days of [15]. They used a three-needle catheter delivery 
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Fig. 3.6 Six-month histology results showing the most extensive 
medial injury (up to 25 % of the total media affected) that was noted in 
three sections of treated vessels. Both sections stained with Movat’s 
pentachrome. (a) The area of medial injury (yellow-green) is located 
between the arrows. (b) A higher magnification of an area transmurally 
affected vessel wall (rectangular area) in (a). Sections show minimal 
intimal thickening and minimal IEL injury overlying areas of mild full 
thickness medial fibrosis (yellow [fibrosis] with green [proteoglycan 
deposition]), and adventitial fibrosis (yellow). No significant inflamma- 
tory cells are present suggesting that the healing process is complete. 


system (Peregrine System™; Ablative Solutions, Inc., 
Kalamazoo, MI) inserted percutaneously via the femoral 
artery into the renal arteries of adult swine under fluoro- 
scopic guidance [15]. Three volumes of dehydrated EtOH 
(98 %) were used in this study: 0.15 ml/artery (n=3 pigs/ 
6 renal arteries), 0.30 ml/artery (n=3 pigs/6 renal arteries), 
and 0.60 ml/artery (n=3 pigs/6 renal arteries). Also, saline 
injection was performed in the control animals as sham 
treatment. 

Angiography at 14 days showed no abnormal findings. 
Histopathology of the nerve showed marked injury charac- 
terized by vacuolization, necrosis of the nerve bundles, with 
the development of perineural fibrosis and inflammation, 
while no nerve injury was observed in the sham treatment 
group. Histopathologic examination of the renal artery 
showed absence of thrombi, dissections, aneurysms, perfora- 
tions, hematoma or other device-related pathologies. 
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Shown are the baseline (c) and 6-month (d) angiograms from the vessel 
from which the histology was taken. Angiograms at baseline and 
6 months showed no findings. Six-month H&E-stained histology slides 
showing a nerve from an untreated (e) and treated vessel (f). Note the 
appearance of a periarterial nerve bundle surrounded by a thin fibrous 
connective tissue sheath (epineurium) in the untreated vessel. In con- 
trast, the nerve bundle from a treated renal artery has a hypercellular 
appearance and the epineurium and perineurium appear thickened with 
prominent fibrosis and collagen deposition (Reproduced with permis- 
sion from Rippy et al. [22]) 


However, at the higher doses (0.30 and 0.60 ml EtOH), there 
was occasional, focal loss of some smooth muscle cells and 
proteoglycan deposition in the outermost media, which typi- 
cally originated at the adventitial surface and was associated 
with the injection sites. 

Streitparth et al. investigated the Magnetic resonance 
image (MRI) guided spinal needle periarterial injection of 
ethanol for renal sympathetic denervertion in pigs [45]. 
Unilateral renal periarterial ethanol injection was performed 
under general anesthesia in six pigs with the contralateral 
kidney serving as control [45]. All injections were performed 
using an open 1.0 T MRI system under real-time multiplanar 
guidance. Significant reduction (53 %) of norepinephrine 
concentration in the kidney parenchyma was observed in the 
treated kidney as compared to the control kidney [45]. Neural 
degeneration, with necrosis of the nerve fascicles peri- and 
endoneural fibrosis and inflammation was observed in the 
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histology sections and calcification of the treated vessels in 
the adventitia was also occasionally seen [45]. 


Summary 


Renal sympathetic denervation has emerged as a promising 
treatment for resistant hypertension, however, many unan- 
swered questions regarding the efficacy of radiofrequency 
ablation versus placebo controlled trials remain. Nevertheless 
convincing preclinical results following perirenal sympa- 
thetic denervation in various animal models have shown effi- 
cacy. To date, radiofrequency ablation is the most frequently 
used modality in clinical as well as animal models. However, 
other treatment modalities including cryoablation, catheter- 
ultrasound, extracorporeal high-intensity focused ultra- 
sound, and ethanol injection have been developed. 
Histopathology studies of peri-renal sympathetic nerves and 
norepinephrine levels in the kidney in preclinical models 
have shown both necrosis and peri-and endo-neural fibrosis 
correlating with norepinephrine reduction. Morphologic 
studies will continue to play a crucial role in the evaluation 
of both efficacy and safety of the new devices being devel- 
oped. Standardized semi-quantitative ordinal grading sys- 
tems are useful for the evaluation of the degree of changes 
observed in the nerve, renal artery, and peri-arterial soft tis- 
sue following renal denervation irrespective of the method 
utilized. 
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Paul A. Sobotka, David G. Harrison, and Marat Fudim 


Introduction 


In the past several years, renal denervation has proven to be an 
effective treatment for resistant hypertension (HTN). 
Unfortunately the procedure does not always lower blood pres- 
sure and many patients continue to need drugs for HTN. While 
there are several potential explanations for this persistent eleva- 
tion of blood pressure after renal denervation, one is that the 
renal nerves were not completely ablated. Another is that the 
HTN was not caused by increased sympathetic nerve activity 
(SNA) in the individual patient, and that other stimuli for HTN 
persists after renal denervation. In addition, accumulating evi- 
dence suggests that renal denervation also benefits other condi- 
tions including heart failure (HF), atrial fibrillation and insulin 
resistance. Thus in the near future this procedure might be fre- 
quently employed for several common medical problems. A 
major problem is that it will not be sufficient to simply measure 
blood pressure to ascertain successful renal denervation. Given 
these considerations, it is apparent that we need surrogate mea- 
sures of increased sympathetic activity and procedural success. 
In this chapter we will discuss direct and indirect methods for 
assessing SNA in humans, how these can be used to screen 
patients for renal denervation, how they could be used to gauge 
technical success and how these various methods might be 
used in specific diseases. 
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Anatomy and Physiology or Renal Nerves 


The renal sympathetic nerves arise from spinal segments 
T11 to L3 and enter the kidney at the hilum along with the 
renal artery, extending to vascular and tubular structures [1]. 
As is the case for most major vessels, the nerves of the renal 
arteries are located principally in the adventitia [2]. The 
kidney receives both efferent sympathetic signals and 
generates afferent signals [3]. There is no evidence for 
parasympathetic innervation of the kidney [4]. 

The efferent nerves densely invest numerous structures of 
the kidney involved in water and sodium homeostasis, 
including both the afferent and efferent arterioles, the proxi- 
mal tubule, the loop of Henle, as well as the distal renal 
tubule. The efferent sympathetic nerves modulate renal func- 
tion through the release of a large number of local neu- 
rotransmitters. While noradrenaline serves as primary 
neurotransmitter, neuropeptide Y and ATP have modulatory/ 
stimulatory roles and are released in response to sympathetic 
nerve stimulation [5, 6]. Neurotransmitters released from the 
synapses activate postsynaptic receptors like «/B -adrenergic 
receptors (norepinephrine) [7, 8] and Y1 receptor (neuropep- 
tide Y) [9] and purinergic P2 receptors (ATP) [10]. 
Physiological consequences of sympathetic stimulation in 
the kidney include modulation of tubular secretion of sodium 
and constriction of afferent arterioles to the glomerulus. 
Constriction of the efferent arteriole is less pronounced, pro- 
tecting against neurogenic reductions of glomerular pressure 
and glomerular filtration rate (GFR). Further stimulation of 
efferent sympathetic nerves causes a decreased blood flow 
(RBF) to the renal cortex and medulla [1]. Moreover, through 
alteration in perfusion pressure, changes in GFR and RBF 
can decrease sodium and water excretion. Direct antinatri- 
uretic effects of sympathetic stimulation appear to be inde- 
pendent of GFR or RBF, and are mediated by «1-adrenergic 
receptors [1, 11—13]. 

A major role of renal sympathetic nerves is modulation of 
renin release from the juxtaglomerular apparatus directly by 
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norepinephrine activation of 61 adrenoreceptors, and 
indirectly by modulation of the afferent arteriolar tone [14, 
15]. Norepinephrine causes immediate release of pre- 
synthesized renin and over the long term, also increases 
expression of renin mRNA [16]. 

Efferent renal sympathetic nerve activity (RSNA) is 
modulated by reflex mechanisms outside of the kidney. 
Activation of carotid and aortic baroreceptors and 
deactivation of carotid chemoreceptors decrease renal 
sympathetic efferent traffic [17-19]. On the contrary 
inhibition of carotid and aortic baroreceptors and activation 
of carotid chemoreceptors increases RSNA and renin 
secretion [1]. These reflex modulations of RSNA are 
important in maintaining volume and sodium homeostasis 
under normal physiological conditions, but can become 
maladaptive in a variety of pathological states as discussed 
later in this chapter and in other chapters of this textbook 
[20-23]. 

Compared to the efferent renal sympathetic nerves, the 
function of afferent somatic nerves is less well understood. 
Afferent fibers arise from a variety of receptor types 
throughout the kidney and project to the dorsal spinal roots 
to the central regions of cardiovascular control including the 
hypothalamus and the brainstem [24-26]. Renal vascular 
chemoreceptors, including osmoreceptors, monitor 
interstitial fluid environment, while renal mechanoreceptors 
sense hydrostatic pressure changes. While chemoreceptors 
are mainly located in the submucosal areas of renal pelvis, 
mechanoreceptors are present in the renal pelvis and cortex 
[26]. Similar to the modulatory function of reflex mechanisms 
on the efferent RSN, stimulation afferent RSN in animals 
produces heterogeneous effects on RSNA, leading to both 
sympathoexcitation and sympathoinhibition [26-28]. 
Dorsoal rhizotomy, which selectively eliminates afferent 
renal nerve traffic, reduces blood pressure [29, 30]. 

In addition to controlling body electrolyte and fluid 
homeostasis, afferent renal nerves also seem to play an 
important function in the pathophysiology of cardiovascular 
diseases [31]. Efferent and afferent nerves appear to function 
in a reflex loop where sensory signals from the kidney to the 
CNS stimulate the efferent sympathetic nerve output to the 
kidney. In return efferent sympathetic signaling to the kidney 
could propagate pathological positive feedback via sensory 
renal nerves. The sympathoexcitatory activity of the kidney, 
directly mediated by renal afferents or indirectly by central 
nervous system effects of renal angiotensin II certainly have 
systemic implications. For example kidney ischemia and 
inflammation cause a sympathoexcitatory response via renal 
afferent nerves [32]. While neuropeptide P and calcitonin 
gene-related peptide (CGRP) are the main transmitters of the 
afferent nerves, the transient receptor potential vanilloid type 
1 (TRPV1) pathway has also been recognized to be key to 
the inflammatory response [33-37]. Evidence suggests that 
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afferent nerves not only regulate renal homoeostasis but also 
affect the cardiovascular system in a global fashion. 
Experiments in animals suggest an involvement of afferent 
renal nerves in the pathogenesis of cardiovascular diseases 
like HTN, diabetes mellitus (DM), congestion due to fluid 
retention or changes in venous capacitance [38—41]. Thus, 
effective renal afferent nerve denervation is likely associated 
with measurable systemic effects, such as reduction of 
insulin resistance, alteration of venous capacitance, and 
reduced heart rate and ventricular hypertrophy. 
Understanding the status of renal sympathetic and afferent 
nerve function may provide intraprocedural and post 
procedural insights into treatment, optimal selection of 
patients, and titration of ablative therapy. Additionally, this 
knowledge might provide understanding of mechanisms 
behind lack of sustained treatment effect. Some animal and 
human data suggest that efferent sympathetic renal nerves 
can regenerate following surgical renal denervation. In rats 
functional reinnervation occurred 4 weeks post procedural 
following surgical renal denervation [42]. In a renal transplant 
model of the dog early histological reinnervation was 
observed after 3 months while complete histological 
reinnervation was complete at 8 months [43]. In humans 
there is evidence of gradual anatomical and functional 
efferent sympathetic reinnervation of the kidney, with partial 
reinnervation starting 4 weeks after renal transplantation and 
lasting up to the 8th month [44, 45]. There is new evidence 
that reinnervation of the kidney is not only restricted to the 
efferent arm of the sympathetic system but it also true for the 
afferent renal Mulder et al. demonstrated 
reinnervation of renal afferent nerves in a normotensive rat 
(up to 12 weeks) [46]. It can be assumed that anatomical and 
eventually also functional restoration of efferent and afferent 
renal nerves could also occur in humans following device 
based renal denervation. It should be pointed out, however 
that renal denervation has been associated with sustained 
lowering of blood pressure for up to 3 years, which suggets 
that nerve re-growth doesn’t occur or is inconsequential. 


nerves. 


Methods to Quantify Sympathetic Nerve 
Activity: Microneurography, Noradrenaline 
Spill-Over, Heart Rate Variability, Baroreflex 
and Chemoreflex Sensitivity 


Sympathetic outflow does not always occur in a global 
fashion, but often in directed toward specific organs 
(Fig. 4.1). The response of any one of these therefore reflects 
sympathetic outflow to that specific organ, but not to other 
tissues [20, 47]. Increased sympathetic traffic to the heart 
increases chronotropic and inotropic activity. Sympathetic 
stimulation of vessels alters vascular tone, and generally 
favors vasoconstriction. As an example, splanchnic activation 
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Fig. 4.1 Integration of afferent input and differential efferent sympathetic nerve output 


decreases splanchnic capacitance and increases venous 
return [48]. Renal specific activation alters activity of the 
RAS, sodium reabsorption and intrarenal arterial resistance. 

In animals SNA can be assessed by using electrodes to 
measure nerve firing or by examining the physiological 
responses of specific organs, including: kidneys [49], heart 
[50], lungs [51] and liver [52]. Such measurements are often 
enhanced by use of specific adrenergic antagonists or by use 
of genetically altered animals, which provide insight into the 
receptors activated. In humans quantification of SNA is more 
difficult. In the next section, we will discuss the currently 
employed approaches and discuss advantages and disadvan- 
tages of each. 


Measurement of plasma or urinary noradrenaline is 
sometimes used as a surrogate of total sympathetic outflow 
but identifies only that portion of noradrenaline escaping 
reuptake and entering the systemic circulation. Moreover, 
plasma noradrenaline levels inherently fails to asses regional 
SNA [53, 54]. Radiotracer-based measurements of nor- 
adrenaline spill over from specific organs into the draining 
venous bed is accepted as a gold standard, but is compli- 
cated, requires arterial and venous cannulation and is per- 
formed in selective expert centers. Direct recording of 
sympathetic firing of the peroneal nerve is a elegant method 
to record muscle sympathetic nerve activity, but again is 
only performed in specific centers. These methods capture 
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specific elements of sympathetic stimulation, when taken 
alone, they potentially fail to characterize differential sym- 
pathetic innervation of separate organs, the whole body 
sympathetic activity and contribution of peripheral sites to 
the whole body SNA [55]. 


Noradrenaline Spillover 


Noradrenaline spill over uses radiotracer technology, is one 
of the most reliable to study whole body and regional nor- 
adrenaline kinetics in humans [56]. Radiolabelled norepi- 
nephrine (most commonly [3]) is infused intravenously and 
regional samples of blood are obtained from veins draining 
from specific organs. The variable measured is the release of 
noradrenaline into plasma. The difference in arteriovenous 
noradrenaline as measured by isotope dilution provides an 
estimate of regional/organ specific SNA [57, 58]. A limita- 
tion of this method is that it measures regional SNA at a 
single time point and does not allow continuous tracing. This 
method has proven very powerful, and has been used to doc- 
ument alterations in sympathetic innervation of the heart, the 
kidneys and skeletal muscle. Recent evidence suggests that 
at a high rate of nerve discharges there is no longer a linear 
correlation with the rate of noradrenaline spillover since nor- 
adrenaline released from the nerve terminals eventually 
reaches a plateau [59]. 


Microneurography 


In 1968 Hagbarth and Valibo were the first to report on effi- 
cacy of microneurography to measure efferent multi-fiber 
sympathetic nerve activity (MSNA) [60]. Direct recordings 
(commonly from the peroneal nerve) reveal burst of nerve 
activity, synchronous with the heart beat. Observations 
show while repeat measurements within one subject are 
highly consistent, there is an up to tenfold variation of SNA 
from normotensive subject to the next [61—63]. This between 
individual variability appears to be due physiological vari- 
ability, rather than variations in recording techniques. 
Recent refinements have led to single-fiber sympathetic 
nerve recording in humans [64, 65]. The results from single- 
fiber recording are supportive of recordings from the whole 
nerve [66, 67]. Similar to multi-fiber recordings, single- 
fiber firing is low in humans at baseline, however physiolog- 
ical stimuli and cardiovascular diseases increases single unit 
discharge rates [68, 69]. MSNA is commonly suggested to 
be a surrogate of global SNA. While MSNA correlates with 
noradrenaline spillover, it measures only the patterns of 
MSNA of the sampled nerve. As discussed above regional 
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differences in sympathetic tone do not necessarily allow 
conclusions from one organ region to another. There is some 
evidence that in patients with HF MSNA correlates with 
mortality [70]. MSNA recording, while a very valuable tool, 
requires a dedicated laboratory, specialized equipment and 
skilled personal. For these reasons, it is not used in the clini- 
cal setting. 


Heart Rate and Blood Pressure Variability 


Another commonly employed method is power spectral 
analysis of heart rate and blood pressure variability. This 
identifies oscillations in heart rate and blood pressure that are 
modulated by inputs from the renin-angiotensin system, 
sympathetic and parasympathetic neurons and by locally 
released vasoactive factors such as nitric oxide. Obviously, 
assessment of heart rate variability requires continuous ECG 
or pulse monitoring, and assessment of blood pressure gen- 
erally requires constant measurements using arterial cannu- 
lation. Fourier analysis and similar techniques allow one to 
differentiate between the influence of the sympathetic and 
parasympathetic impact on the heart rate. The analysis is 
based on the fact that the SNS and parasympathetic nervous 
system (PNS) operate in different frequency bands. 
Sympathetic outflow modulates low frequency oscillations, 
while parasympathetic tone affects both low and high oscil- 
lations of heart rate. Thus the ratio of low to high frequency 
heart rate variability reflects sympathetic cardiovascular 
modulation. Another approach is to measure baroreflex and 
chemoreflex sensitivity [71-73]. Patients with HF have 
increased heart rate and decreased heart rate variability, both 
of which are associated with increased mortality [74-76]. A 
major limitation of this method is that no individual heart 
rate spectrum is selective to the SNA. Factors like age, gen- 
der, respiration and baroreflex signals interfere with use of 
heart rate variability [75, 77]. Similar to the heart rate vari- 
ability, variability in blood pressure is increased in condi- 
tions with increased sympathetic tone and correlates with a 
heightened MSNA [78]. Absolute values of low frequency 
blood pressure oscillations provide indirect assessment of 
sympathetic outflow. Moreover, increased blood pressure 
variability is associated with higher rates of cardiovascular 
mortality. However high frequency fluctuations depend on 
mechanical impact of respiration, whereas low frequency 
spectral powers are largely due to the complex interaction 
between vasomotor tone, vascular resistance, humeral and 
neural factors. Similar to the heart rate variability the use of 
blood pressure spectral powers are limited by its dependence 
on various factors, lowering its specificity thus limiting its 
use in clinical practice [71, 79]. 
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Baroreflex Sensitivity 


SNS hyperactivity suppresses the arterial baroreceptor reflex. 
Consequently the carotid baroreflex is blunted in animals 
and humans with cardiovascular disease like HTN and HF 
[80, 81]. At the same time resolution of those morbidities 
improves the baroreflex sensitivity (BRS). BRS is defined as 
the change in interbeat interval (IBI) in milliseconds per unit 
change in BP. This is most often quantified as a slope or gain 
function [82]. Initially the BRS was assessed with vasocon- 
strictive agents that increase BP and reflexly decrease heart 
rate affecting the IBI. New are non-invasive methods to mea- 
sure the BRS. Here the spontaneous heart rate variability and 
BP variability are obtained continuously using noninvasive 
arterial pressure monitoring devices. A major limitation of 
this method includes that BRS assessment requires a sinus 
rhythm since small amounts of noise easily disrupts the 
analysis. 


Chemoreflex Sensitivity 


Preclinical animal and surgical human studies have outlined 
the significance of the peripheral chemoreflex in mediating 
sympathetic hyperactivity, heightened RSNA, and baroreflex 
inhibition [18, 19, 83-85]. Peripheral chemosensitivity is 
clinically assessed by measuring the ventilatory response and 
changes in heart rate or blood pressure in response to either 
inhibition or stimulation of the peripheral chemoreceptor by 
manipulating inhaled gas mixtures or applying chemorecep- 
tor stimulating or inhibiting drugs [86-88]. Increased sensi- 
tivity of the chemoreflex reflects dysfunction of autonomic 
cardiovascular control and is linked to development and/or 
progression of diseases like HF and HTN. Again, give some 
examples and discuss pluses and minuses. 


Identifying Patients in Which Renal 
Denervation Is Likely to Be Successful 


The ability to identify patients with elevated renal sympathetic 
efferent or afferent nerve activity may help identify optimal 
candidates for denervation. To guarantee success of RDN, 
ideal inclusion criteria are: sympathetically mediated disease 
with heightened sympathetic tone, originating from the renal 
afferent nerves. Current trials have focused on the broad 
spectrum of treatment resistant hypertensive patients. Present 
patient selection focuses to identify truly resistant 
hypertensive patients. Inclusion criteria for the Symplicity 
trials are a baseline systolic blood pressure of 160 mmHg or 
more (>150 mmHg for patients with type 2 diabetes), despite 


taking three or more antihypertensive drugs (including a 
diuretic). However since RDN is a rapidly evolving field 
newer trials started applying the novel technology in patients 
with moderate resistant HTN [89]. 

So far there are at least two screening tests that predict the 
outcome RDN in patients with resistant HTN. A screening 
tool that is currently applied by most centers includes the use 
of ambulatory BP monitoring (24—72 h) to identify patients 
with truly resistant HTN. This technique also allows to 
exclude patients with pseudo-resistant HTN [90]. Not 
surprisingly higher baseline BP predicted more pronounced 
BP reduction following the procedure. More interestingly 
impaired cardiac baroreflex sensitivity identified patients 
with resistant HTN who respond to RDN [91]. In a study by 
Zuern et al. baroreceptor sensitivity was identified to be the 
strongest predictor of a patients BP response to 
RDN. Similarly other preprocedural measures of SNA could 
provide important insight into effects of RDN on patients 
and increase rate of procedural success. Central sympatholytic 
agents like clonidine could additionally be used to distinguish 
responders from non-responders. This is supported by the 
idea that RDN is more likely to be effective in patients with 
treatment resistant HTN with a significant component of 
sympathetic hyperactivation. A marked reduction in blood 
pressure following the use of a sympatholytic agent is more 
likely to result successful response to RDN [92]. 

More efforts are required to preselect patients for RDN in 
order to maximize response to the novel technology. A 
selection trying to quantify activity of the SNS rather than 
disease activity as shown by Zuern et al. opens new ways for 
effective and targeted screening. Further development of 
screening tools requires the understanding of how to measure 
response and how to define success of RDN. Since RDN 
proves itself to be successful for sympathetically mediated 
diseases other than HTN, novel tools need to be developed to 
identify responders for a broad variety of diseases including 
DM, HF etc.. 


How to Confirm Technical Success? 
Measuring Afferent and Efferent 
Denervation 


In humans there are no reports of direct intraprocedural 
measures of technical success, neither on direct assessment 
of renal nerve activity during or after the intervention. A 
more viable and accessible option to measure activity of 
renal nerves may arise with the use of biomarkers of renal 
specific nerve activity. Since many of these biomarkers are 
modifiable they provide targeted measures of risk reduction 
following therapeutic interventions. Table 4.1 shows a list of 
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Table 4.1 A list of biomarkers which have been used in RDN studies 
or could potentially be applied to measure technical success 


Outcome 
measurement Biomarker 
Efferent Renin, angiotensin and aldosteron levels 
deinnervation Natriuresis, diuresis, renal vascular resistance and 
renal blood flow 
Renal specific noradrenaline spillover 
Systemic response to renal chemo, or mechanical 
sensory stimulation 
Afferent Via interruption of neurogenic reflex loop 
deinnervation 


Total body noradrenaline spillover 

Heart rate/heart rate variability/blood pressure 
variability 

Baroreflex sensitivity 

Central angiotensin levels 


potential biomarkers that can be used to confirm technical 
success. 

In today’s clinical world, technical success of RDN is 
defined solely by a reduction in blood pressure and quanti- 
fied by the extent of BP reduction. It is important to point out 
that a reduction in sympathetic tone does not necessarily 
reflect itself in a reduction of BP. This is also true for various 
other surrogate markers that are clearly linked to the activity 
of the SNA. In the case of BP as a surrogate outcome, con- 
ceivable technical success of RDN does not have to be 
accompanied by immediate or any BP changes at all [93]. In 
parts this can be attributed to the complexity of pathophysi- 
ology of HTN and the variable role that SNA can play in it. 
The rate of ineffective reduction in BP following RDN 
ranges from 10 % to 50 % [94, 95]. Additionally, blood pres- 
sure cannot be used as a technical success measure in all 
populations, as it is not expected to fall following renal 
denervation in normotensive patients undergoing the proce- 
dure in hopes of reducing the renal contribution to elevated 
sympathetic tone, such as patients with HF, or sympatheti- 
cally mediated tachyarrhythmias. Since technical success 
and BP reduction do not have sufficient overlap, other bio- 
markers and surrogate markers or a combination of both has 
to be applied to define technical success. Most effective 
would be a combined assessment of afferent and efferent 
nerve activity as outlined further below in this chapter. 

Unlike in animals intraprocedural and postprocedural 
direct nerve recordings in humans are limited by the simple 
fact of inaccessibility of the renal nerves and invasiveness of 
the procedure. Chinushi et al. first recorded renal nerve 
activity in animals during RDN [96]. Renal nerve stimulation 
prior to the ablation increased systemic BP, serum 
catecholamine and heart rate variability. Renal nerve ablation 
attenuated BP and HR responses following nerve stimulation. 
Thus the attenuation or elimination of the different 
components of the response to renal nerve stimulation 
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following RDN could be the evidence of successful damage 
to renal fibers and serve as technical success of the 
intervention. Translated to humans this could mean that 
technical success eventually could require demonstration of 
blunted efferent and afferent response to proper stimuli (e.g. 
exposure to chemosensitive agent fails to trigger afferent 
signals). 


Efferent 


In the case of RDN there are various potential biomarkers 
which arise from direct and indirect effects of efferent deinn- 
nervation of the kidney. Renal efferent nerves regulate circu- 
lating volume and sodium as well as fluid homeostasis. 
Several acute and chronic renal diseases like renal ischemia, 
renal vascular disease, and end stage renal disease are associ- 
ated with excessive renal sympathetic efferent activity. 
Reduction of renal sympathetic efferent signaling suppresses 
albuminuria, and podocyte injury in aortic insufficiency [97], 
preventing glomerular hyperfiltration in diabetic rats [98], 
prevention of angiotensin receptor over expression in HF 
[99], as well as in acute diseases where renal denervation 
prevented experimental glomerular nephritis [100] and endo- 
toxemic associated renal injury in mice [101]. Moreover, 
renal sympathetic nerve traffic may mediate renal ischemic 
injury [102]. Thus, the renal nerves may mediate several 
pathologic process linked together by over activity of renal 
sympathetic signaling. This supports the use renal markers 
of disease to identify renal hyperactivity and successful thera- 
peutic renal denervation. 

Primary biomarkers of efferent deinnervation include a 
decreased RSNA with decreased release of noradrenaline and 
its co-transmitters from renal nerve endings. Since renal 
efferent nerves innervate all major structures of the kidney, 
loss of the nerves would explain a decrease in renin release 
from the juxtaglomerular granular cells, decrease in renal 
arterial vascular resistance, increase in glomerular filtration 
rate and increase in renal sodium excretion [103]. Changes in 
levels of locally secreted neurotransmitters at the terminal 
endings of efferent renal nerves and levels of RAS compo- 
nents like renin could serve as additional markers of 
SNA. Several small scale human studies have used noradren- 
aline spillover technique and renin levels to quantify the 
remaining renal nerve activity following RDN. In a prelimi- 
nary study using radiofrequency renal nerve ablation Schlaich 
et al. demonstrated a reduction of renal noradrenaline spill- 
over (left kidney —48 % and right kidney —75 %), a 50 % 
reduction in renin activity and increased renal blood flow at 
1 month after device based denervation [104]. In a study with 
ten resistant hypertensive patients, device based renal dener- 
vation led to a reduction in noradrenaline spillover of 47 %, 
15-30 days after the procedure [95]. In two other small scale 
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studies RDN decreased plasma noradrenaline or catechol- 
amine metabolites but not renin levels [105, 106]. The absent 
decrease in renin activity was linked to insufficient ablation 
of renal nerves in order to see a meaningful response. 
Comparable outcomes were described in patients with resis- 
tant HTN and end-stage renal disease [107]. This data shows 
that primary biomarkers of efferent renal denervation like 
renin activity and noradrenaline spillover are useful methods 
to document a decreased sympathetic tone following 
RDN. While radiotracer dependent noradrenaline spillover 
technique is not readily available in clinic practice nor is it 
practicable outside of a research environment, intra or post 
procedural renal venous blood sampling could be used to 
measure the concentration of neurotransmitters. 

Secondary biomarkers of efferent denervation would 
include an inhibition of the renin-angiotensin system (RAS), 
beyond a pure decrease in renin activity. Decreased renin 
activity reduces angiotensin II and aldosteron levels, result- 
ing in a number of positive effects including decreased global 
sympathetic tone, vasodilation, improved heart function etc. 
[108, 109]. Surgical renal denervation in various animal 
models demonstrated increased natriuresis and diuresis as 
well as a better response to diuretic neurohormones like 
ANP, which can be understood as a direct effect of efferent 
denervation as well as indirect effect of RAS inhibition 
[110-113]. Human studies on bilateral nephrectomy in renal 
transplant patients and device based renal denervation in 
treatment resistant hypertensive patients resulted in not only 
decreased renin but also angiotensin levels [104, 114-116]. 


Afferent 


Unlike the effects of renal efferent nerve denervation, the 
effects of afferent denervation cannot be explained by a pure 
loss of the afferent limb of renal nerves. The renal afferent 
nerves are part of a neurogenic reflex which regulates the 
autonomic balance by alteration of the sympathetic tone. In 
chronic diseases states this reflex is pathologically 
hyperactive, resulting in over activation of sympathetic tone. 
These pathophysiological processes do not necessary have to 
involve the kidney. However CKD serves as a good example 
to explain the relevance of the renal afferents for this reflex. 
In CKD, local ischemic and inflammatory changes could 
increase discharge of local chemoreceptors [32, 100, 117]. 
As a consequence sensory output from the kidney to the 
brain is elevated resulting in an increased discharge and 
potentially also new set point for SNA. Further, successful 
renal transplantation restores renal function however SNA 
does not decrease as long as native kidneys remain in place. 
Removal of bilateral native kidneys restores central 
sympathetic outflow represented by a decrease in whole 
body noradrenaline spillover [30, 118]. This speaks most 


likely for the persistent activity of sensory fibers if native 
kidneys remain in situ. 

Apart from direct nerve traffic recordings, biomarkers of 
successful renal afferent nerve denervation are related to the 
interruption of the reflex arc. This includes assessments of 
the sympathetic nervous system with methods like MSNA, 
noradrenaline spillover (regional and whole body), baroreflex 
sensitivity and heart rate variability. There are multiple 
studies showing a reduction of MSNA in patients who 
underwent a device based renal denervation when compared 
with controls. In a study with 20 patients there was a 
significant reduction in MSNA 3 months following renal 
denervation procedure [119]. Schlaich et al. measured a 
reduced whole body noradrenaline spillover and MSNA in 
patients with CKD undergoing renal denervation [107]. 

Apart from multi-unit MSNA there is emerging evidence 
for the use of single-unit MSNA to measure technical success 
following RDN. Single-unit MSNA recording is technically 
more challenging, however appears to be more specific and 
quantitative in patients with cardiovascular disease including 
essential HTN than multi-unit MSNA [66, 120]. Hering et al. 
were able to show a reduction in single- unit and multi-unit 
MSNA in 25 patients 3 months following RDN [65]. 

While the responder rate to RDN (defined as a reduction 
in systolic BP of at least 10 mmHg) was up to 100 % in the 
first landmark trial (Symplicity HTN-1) within the first 
12 months following the procedure, the magnitude of blood 
pressure reduction was more distinct in the time from 6 to 
12 months. This finding could potentially be explained by 
the delayed integration of afferent renal nerve input to 
the CNS. 

Several clinical trials have studied the effects of RDN on 
the SNA with methods other than MSNA and noradrenaline 
spillover. Animal studies RDN resulted in an improvement 
in cardiac and sympathetic baroreflex sensitivity [94, 121, 
122]. Interestingly even unilateral RDN was beneficial on 
the baroreflex function [123]. So far only few studies have 
studied the effects of RDN on baroreflex sensitivity in 
humans. Comparable to animal experiments Hart et al. 
demonstrated improvements in the cardiac and sympathetic 
baroreflex sensitivity in resistant hypertensive patients [94]. 
Interestingly these changes were also observed in patients 
who had no BP response to RDN. Beyond its use as a 
potential biomarker of successful denervation, impaired 
baroreflex sensitivity was also able to predict response to 
therapy [91]. In contrast Brinkman et al. demonstrated no 
changes in baroreflex function [124]. Notably RDN did not 
result in any blood pressure changes in this study population. 

With an increasing number of clinical trials studying the 
effects of RDN on the SNA, some studies have not show a 
reduction in SNA in patients with resistant hypertensive 
patients following RDN. Ina study by Brinkmann et al. RDN 
did not alter the MSNA, heart rate, blood pressure variability 
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or baroreceptor activity 3-6 months following 
RDN. Interestingly only 3/10 patients had a reduction in 
their office blood pressure without any relation to MSNA 
changes [124]. Similar results on blood pressure and MSNA 
in humans were demonstrated by Hart et al. 1 and 6 months 
following RDN. Unlike spontaneously hypertensive rats in a 
sample size of eight patients only four human subjects had a 
response in blood pressure to RDN (10 % reduction) which 
did not necessarily correlate with MSNA [94]. It is possible 
that response of MSNA to RDN is dependent on baseline 
MSNA which was lower in these two studies when compared 
to previously presented studies showing improvement in 
MSNA [104, 119]. 

Further biomarkers of successful RDN could be found in 
the CNS. Today we know that central RAS plays a significant 
role in controlling systemic sympathetic activity and central 
integration of the afferent limb of the neurogenic reflex loop 
originating from the kidney [125]. Central angiotensin II has 
been implicated to promote development and maintenance of 
HTN [126] while central infusion of angiotensin IJ inhibitors 
attenuated the increases in RSNA and BP in response to 
renal afferent nerve stimulation [125]. This data suggest 
central RAS to be a key mechanism for several effects of 
RDN in humans. Measuring the physiologic response to 
administration of central angiotensin or measuring central 
levels of angiotensin are all potential methods to assess the 
effects of RDN in animals [127]. So far there are no 
comparable studies in humans advocating the use of new 
biomarkers or surrogate outcomes. 

Despite the limited number of published data a majority 
of studies point towards a beneficial effect of RDN on 
SNA. A number of biomarkers provide evidence for a 
successful reduction in local and general sympathetic tone in 
animal disease models as well as humans with resistant 
HTN. As expected for a new technology in its early clinical 
phase the effects on biomarkers are heterogeneous. 
Discrepancies between animal and human data can 
potentially be explained by the difference in pathophysiology 
of HTN, renal disease as well as the role of SNS for disease 


RDN 


Fig. 4.2 Effective denervation by the RDN procedure can 
be evaluated intra- or postprocedural (technical success/ 
biomarkers). The clinical effects on outcome can be 
evaluated with surrogate outcomes or clinical outcomes 
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development and progression between animal models and 
humans. An explanation for varying results in humans could 
be based in the inconsistent selection criteria of resistant 
hypertensive patients. 


Role of Surrogate Markers in Renal 
Denervation 


The initial safety and durability experience for therapeutic 
RDN document infrequent serious adverse events and 
durable treatment benefits in patients with elevated blood 
pressure and drug resistant HTN [128]. Besides a reduction 
in ambulatory and office blood pressure, animal and human 
studies provide evidence for a variety of other beneficial 
effects on cardiovascular physiology and concomitant 
diseases. Some of the effects are an improvement in reduced 
heart rate [129, 130], insulin resistance [131, 132], improved 
exercise tolerance [133] and renal function [134, 135], with 
attenuation of HF [136—138] as well as improved sleep apnea 
and cardiac arrhythmia [139-142]. Developing a vision of 
endpoints and surrogates of treatment efficacy becomes a 
critical next step in the development and application of 
RDN. Measuring the success of RDN requires careful 
differentiation of the technical success (biomarker) from the 
two measures of successful clinical outcome; surrogate 
endpoint and clinical endpoint. 

Selection and validation of a biomarker and successive 
advancement to a surrogate endpoint are key processes in the 
development of new drug and device therapies as shown in 
Fig. 4.2. Streamlining the use of biomarkers over surrogate 
outcomes to clinical outcomes requires deep understanding 
of the pathophysiology of the underlying disease. Thoughtful 
selection, validation, and application of surrogate endpoints 
of clinical outcomes offers the potential to bring valuable 
interventions to clinical care expeditiously. Reduction in 
sample size and trial duration are important motivations for 
the use of surrogate endpoints that replace rare or distal end- 
points by more frequent or proximate ones. 


Technical 
success 


Outcome 


Measures of 
outcome 


Measures of 
technical success 


-Surrogate marker 
(LVH, HTN etc.) 
-Clinical outcome 
(Mortality etc.) 


-Biomarker (SNA 
etc.) 
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Table 4.2 A list of surrogate outcomes and clinical outcomes which have been used in RDN studies or could potentially be applied 


Outcome measurement Surrogate outcome 


Efferent deinnervation 


Renal function (GFR, proteinuria, albuminuria etc.) 


Afferent deinnervation Via interruption of neurogenic reflex loop 


Blood pressure (ambulatory, office, blood pressure variability) 


Endothelial dysfunction 
Heart rate 
Insulin resistance 


Blood pressure (ambulatory, office, blood pressure variability) 


Clinical outcome 

All cause mortality, cardiovascular mortality, 
stroke, MI, angina 

Via interruption of neurogenic reflex loop 


All cause mortality, cardiovascular mortality, 
stroke, MI, angina 


Renal function (GFR, albuminuria, proteinuria etc.) 


Left ventricular mass by ECHO or MRI 


EKG LVH with repolarization abnormalities 


Tachycardic arrhythmias 
Endothelial dysfunction 


It is obvious that long term endpoints such as mortality 
are the ultimately desired endpoints of every clinical study. 
However no study has studied the effects of RDN on hard 
clinical outcomes. Prudent consideration of clinical surro- 
gate standards and biomarkers of desired outcomes may 
accelerate appropriate applications of therapeutic RDN. It is 
unrealistic to demand mortality endpoints for all new prom- 
ising therapies especially if the procedure like RDN contin- 
ues to show low serious adverse events. Moreover, some 
clinical endpoints, such as blood pressure, as a surrogate for 
mortality and morbidity in HTN, have attained an indisput- 
able status, and several biomarkers convey confidence about 
prognosis. Table 4.2 summarizes surrogate and clinical out- 
comes that have been used or can be used for past and future 
RDN studies. 


Disease Specific Outcomes 


In the following part of this chapter we would like to identify 
disease specific measures which can be used to assess the 
effect of RDN on a particular disease. We will focus on sur- 
rogate outcomes as well as biomarkers which could be used 
to describe qualitative and quantitative result of RDN. A 
variety of measures can be used to characterize disease activ- 
ity however not all of them can necessarily be used to capture 
the immediate or short-term effects of RDN on a particular 
organ or organ system. 


Cardiovascular 


Blood Pressure 

Surrogate Outcomes: Ambulatory BP, Office BP, 

BP Variability, Night Time BP 

BP reduction is the most commonly studied surrogate out- 
come in clinical trials and clinical practice. The first major 
RDN trials used changes in BP as a surrogate of successful 


RDN. According to the Symplicity trials patients with an 
office systolic BP drop of more than 10 mmHg were con- 
sidered to be responders to the intervention [143]. The pos- 
itive effect of RDN on arterial BP are most likely a 
combined result of efferent renal denervation and decreased 
SNA following afferent kidney denervation. There are sev- 
eral reasons why BP is primarily chosen as surrogate out- 
come. Control of arterial HTN is a well-accepted risk 
reduction intervention for primary and secondary preven- 
tion of cardiovascular events. There is a well-established 
continuous and independent relationship between (office 
and ambulatory) BP and cardiovascular risk. Interventions 
leading to a reduction of BP have consistently been demon- 
strated to improve clinical outcome [144]. Based on this 
relationship it is assumed that successful reduction in BP 
following RDN will eventually also result in better clinical 
outcomes. Additional benefit of BP as a surrogate outcome 
is its universal availability and comparability of results. 
Ambulatory blood pressure monitoring (ABPM) is more 
sensitive and specific for cardiovascular risk stratification 
than office BP measurements [145, 146]. Also, 24 h ABPM 
correlates better with hypertensive and diabetic end-organ 
damage than office BP measurements do [147, 148]. Night 
time BP is related to sympathetic hyperactivation and more 
indicative of cardiovascular morbidity and mortally [149, 
150]. The Dublin Outcome Study studied over 5,000 hyper- 
tensive patients and showed that an increase of 10 mmHg in 
mean night time systolic ABPM increased the cardiovascu- 
lar mortality by 21 % [151]. Further ABPM is recom- 
mended in resistant hypertensive patients to rule out 
pseudoresistance [152]. Today we know that reduction in 
BP does not equally affect the outcome, rather the mode of 
BP control seems to play an important role [153, 154]. It is 
important to keep in mind that BP alteration and changes in 
SNA (e.g. MSNA) are not mutually inclusive. While HTN 
is clearly linked to the activity of the SNA, technical suc- 
cess of RDN does not have to be accompanied by BP 
changes [93]. 
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RDN trials have investigated both the ambulatory and 
office blood pressure. While RDN significantly reduced 
ambulatory and office blood pressure, office BP reductions 
were more distinct than reductions in ABPM [90, 143]. The 
landmark trial Symplicity HTN-2 demonstrated a reduction 
in office BP of 32/12 mm Hg and 11/7 mm Hg in ambulatory 
24-h BP [143]. The relative lower change in ABPM may be 
explained in part by selection criteria for the HTN 1 and 
2 trials that did not exclude white coat HTN, thus inherently 
limiting the opportunity to realize reductions in the post 
procedure ABPM. Just as entry blood pressure predicts the 
outcome of renal denervation, entry ABPM is likely a major 
determinate in its response to the therapy. This relationship is 
consistent with results from drug treatment trials [155]. 
Office blood pressure lowering effects have been observed 
for a period of at least 2 years [128]. Beyond changes in 
mean arterial pressure RDN also reduces 24-h BP variability 
[156]. The clinical relevance of standard deviation of sys- 
tolic BP has been demonstrated by Parati et al. in 109 hyper- 
tensive patients, where higher BP variability led to more end 
organ damage independent from the mean systolic BP [157]. 
Moreover it appears that visit to visit or day to day BP vari- 
ability is a similar negative prognostic factor for cardiovas- 
cular mortality, stroke and overall mortality [158—160]. 
Taken together parameters like office and ambulatory BP, as 
well as its characteristics like BP variability and the pattern/ 
time-dependence of BP reduction are all well suited surro- 
gate outcomes for RDN. Further, risk factors like endothelial 
dysfunction are clearly linked to increased cardiovascular 
disease like essential HTN and could be used as accessory 
markers to measure effects of RDN [161]. Whilst HTN con- 
trol is the current gold standard in the assessment of techni- 
cal success in RDN, hard clinical outcomes like mortality 
may be impacted without BP changes. This urges for addi- 
tional clinical surrogates in future clinical trials. 


Left Ventricular Mass 

Surrogate Outcomes: LV Mass by Echocardiogram, 

ECG or MRI, LV Diastolic and Systolic Heart Function 
Left ventricular hypertrophy (LVH) documented by ECHO, 
ECG and MRI is a common finding in patients with HTN 
and HF with preserved and reduced ejection fraction. LVH, 
diastolic and systolic dysfunction are associated with an 
increased cardiovascular morbidity and mortality [162, 163]. 
Reduction in LVH by any metric reduces cardiovascular risk, 
improve mortality in interventional pharmaceutical trials 
which qualifies it as a surrogate outcome [164-166]. Perhaps 
of most interest are the well documented associations of 
ECG repolarization changes and both all-cause and 
cardiovascular mortality, and the improvements in the 
mortality following HTN therapy associated with 
improvements in ECG findings [167, 168]. Herein rests a 
surrogate, LVH with repolarization abnormalities that might 
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more closely link the therapy with morbidity and mortality 
changes, however it fails to have utility in predicting response 
to intervention or guiding intraprocedural therapy. There is 
also evidence suggesting that LVH regression influences 
cardiovascular outcomes in HTN independent of blood 
pressure changes and more strongly than any other risk factor 
except age [169]. Multiple retrospective and observational 
ECG and echocardiography studies shown that cardiovascular 
outcome is better in individuals in whom LVH regresses 
rather than progresses. This is indicative of the fact that 
reversal of LVH improves outcome beyond pure blood 
pressure treatment and reduction [170]. Using this 
information left ventricular mass can serve as a surrogate of 
disease progression and its control. This is supported by 
ECG trial data from the HOPE [168] and the LIFE [17], 
172]. Further echocardiographic left ventricular mass 
predicts independently complications in the general 
population [173, 174] and patients with coronary artery dis- 
ease (CAD) [175-177]. 

Brandt et al. studied the effect of RDN on left ventricu- 
lar hypertrophy, systolic and diastolic function. In a group 
of 46 patients with resistant HTN, RDN significantly 
reduced left ventricular mass and improved systolic as well 
as diastolic heart function when compared to control [137]. 
Notably LV mass reduction was also observed in patients 
who did not respond to RDN with BP reduction, suggesting 
multiple pathways like fibrosis in which the SNA might 
contribute to LVH. 


Exercise Capacity 

Surrogate Outcomes: Exercise Capacity, 

Chronotropic Competence, Peak Exercise BP and HR 
Decreased exercise capacity as well as excessive increases in 
systolic BP and heart rate during exercise are associated with 
increased cardiovascular morbidity and mortality [178, 179]. 
Meanwhile improvement in exercise tolerance is associated 
with an improved outcome. RDN improves exercise capacity 
with attenuated blood pressure at peak exercise (21 mmHg) 
without compromising chronotropic competence [133]. So 
far there is only one study targeting the HF population 
directly. In the REACH pilot study seven patients with HF 
with reduced ejection fraction underwent RDN. This resulted 
in a trend toward improved 6 min walk test and reduced 
diuretic therapy over a 6 months follow up period [138]. 
Unfortunately, the association of exercise endpoints and 
mortality in HTN is limited, and hardly serves as a convenient 
surrogate for diseases other than HF. 


Arterial Stiffness 

Surrogate Outcomes: Arterial Stiffness, Arterial Wall 
Inflammation? 

Arterial stiffness is an established risk factor and indepen- 
dent predictor of cardiovascular morbidity and mortality 
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[180-182]. Decreased aortic distensibility has been linked 
to worse cardiovascular outcome especially in the hyperten- 
sive population [183]. Arterial stiffness can be assessed with 
the so called augmentation index which shows good correla- 
tion with coronary artery disease, all-cause and cardiovas- 
cular mortality [184, 185]. Hering et al. measured the 
arterial stiffness using finger tonometry-derived augmenta- 
tion index in 40 patients who underwent catheter based 
RDN which resulted in a significant and rapid reduction of 
augmentation index [65]. Effects on arterial stiffness were 
independent from BP and MSNA changes. Interestingly 
drug studies with RAS blockade reduced arterial stiffness 
independent from BP changes which could speak for the 
fact that arterial stiffness is due to structural changes in the 
vessel wall rather than hemodynamic changes only [186- 
188]. Similar to EKG and repolarization abnormalities, the 
several metrics of arterial stiffness may closely associate to 
reductions of mortality and end organ disability, but will fail 
to provide guidance in screening patients or making intra- 
procedural therapy. 


Heart Rate 

Surrogate Outcomes: Resting HR 

Elevated resting heart rate is considered a risk factor for 
arterial HTN [189], CAD [190], HF [191] and is a well 
established surrogate outcome of cardiovascular mortality 
[192, 193]. Pharmacological suppression of heart rate with 
ivabradine decreased composite outcome of cardiovascular 
death and hospitalization in a HF population [194]. In a sub 
population of patients with a resting heart rate >75 ivabradine 
reduced cardiovascular and all-cause mortality [195]. These 
data make heart rate a potential surrogate outcome and target 
for RDN. Repeatedly RDN trials were able to demonstrate a 
reduction in heart rate [89, 129]. The effect was more 
pronounced with higher baseline heart rate at baseline. 
Theoretical candidates, such as changes in heart rate and 
alterations of heart rate variability are complicated by the 
concurrent requirements for analgesia and anxiolytics during 
the procedure. Unfortunately, while reducing heart rate may 
associate with long term benefits of therapeutic renal 
denervation, it cannot be valuable in guiding patient selec- 
tion or intraprocedural therapy. 


Electrophysiology 
Surrogate Outcomes: Freedom of Atrial Fibrillation and 
Ventricular Tachycardia and Fibrillation, Proarrhythmia, 
Ventricular Rate, Premature Ventricular Complex, ST-T 
Abnormalities 

The SNA affects important electrophysiological properties 
of the heart including chronotropy and dromotropy. 
Consequently SNA plays a significant role in the development 
and persistence of atrial and ventricular tachyarrhythmias 
[196, 197]. An increased sympathetic tone becomes 


particularly relevant in context of existing co-morbidities 
like HTN, HF, DM, CAD and SDB. Atrial and ventricular 
tachyarrhythmias are clearly linked to an increased risk of 
mortality, making tachyarrhythmias a potential surrogate 
outcome for RDN [198, 199]. In animal models of 
tachyarrhythmias RDN resulted in negative chronotropic and 
dromotropic effects on the heart, leading to an improved rate 
control during induced atrial fibrillation (AF) and decreased 
AF susceptibility [140, 141]. In humans RDN improved 
ventricular rate in AF and decreased inducibility of AF in 
patients undergoing pulmonary vein isolation (PVI) vs. PVI 
alone [142]. Potential benefit of RDN on tachyarrhythmias 
in humans might also be explained by the effects of RDN on 
comorbidities which are associated with an increased SNA 
and tachyarrhythmias. Guidelines for clinical trials on atrial 
fibrillation suggest a variety of outcome measures to validate 
therapy effects of new drugs and technologies. Suggested 
clinical outcomes include mortality, stroke, AF related life 
quality as well as ECG based outcomes like freedom from 
AF, change in AF pattern, proarrhythmia (ventricular 
tachycardia, torsades de pointes, atrial flutter, bradycardia, 
AV nodal block), ventricular rate during AF at rest and 
during exercise [200]. 

Comparable to supraventricular arrhythmias RDN was 
studied in ventricular arrhythmias. In an animal model of 
myocardial ischemia induced ventricular arrhythmias/ 
fibrillation RDN reduced the occurrence of ventricular 
arrhythmias/fibrillation [201]. First human studies on RDN 
and ventricular arrhythmias are restricted to a case series of 
two patients with HF and electrical storm. The off-label use 
of RDN decreased incidence of ventricular arrhythmias 
[202]. Likewise to guidelines for atrial fibrillation the use 
of hard clinical outcomes and ECG based outcomes can be 
used to investigate the effect of RDN on ventricular 
arrhythmias. 

Lastly electrocardiographical ST-T wave changes could 
be used as a surrogate outcome. While a clear relationship 
with the SNA has not been established, ST-T patterns 
represented by ST-T wave abnormalities are clearly linked to 
a higher cardiovascular mortality in patient with underlying 
cardiovascular disease like HTN, coronary disease etc. [203]. 


Atherosclerosis and Cardiovascular Events 
Surrogate Outcomes: Intima Media Thickness, 
Inflammatory Markers 

Reduction in sympathetic tone could also benefit 
atherosclerosis and future cardiovascular events. There is an 
established link between sympathetic hyperactivation and 
cardiac events like myocardial infarction and angina. 
Although RDN trials have not yet looked into potential 
benefits, future trials could use established surrogate 
outcomes of CAD like carotid intima media thickness and 
inflammatory markers like CRP [204, 205]. 
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Surrogate Outcomes: GFR, Proteinuria, 
Albuminuria, Renal Noradrenaline Levels, Renal 
Vascular Resistance and Renal Arterial Flow 
Increased SNA correlates with worsening renal function 
[30, 118, 206]. Levels of noradrenaline predict mortality 
and cardiovascular events in patients with chronic kidney 
disease (CKD). CKD is an established independent risk 
factor for cardiovascular and all-cause mortality in the gen- 
eral population [207-209]. Besides the traditional estimate 
of renal function with the glomerular filtration function 
(GFR), albuminuria and proteinuria have been established 
as independent risk factors for all-cause mortality [209, 
210]. Thus GFR, albuminuria and proteinuria can poten- 
tially serve as surrogate outcomes for RDN. Surgical RDN 
has favourable effects on acute kidney injury and CKD ina 
number of different animal models [211]. RDN resulted in 
improvement of renal hemodynamic and filtration dysfunc- 
tion caused by chemical toxic or ischemic damage to the 
kidney. In humans there are currently only several small 
scale studies looking into potential effects of RDN on renal 
function. Human trials have studied the effects of RDN on 
normal and deceased kidneys in resistant hypertensives. 
Initial landmark studies have used decreased GFR as an 
exclusion criterion for RDN. Effects of RDN on the kidney 
function include biomarkers of successful renal denerva- 
tion like decreased renin secretion and increased RBF 
[104]. Further Krum et al. demonstrated in a single-arm 
study an improved GFR in 24 % of patients with resistant 
HTN and a normal renal function over a 12 months period. 
In a comparable study with a control group RDN reduced 
the incidence of microalbuminuria while GFR remained 
unchanged [134]. Denervation resulted in a decreased pro- 
portion of patients with detectable urinary albumin excre- 
tion 6 months after the procedure. Other renal vascular 
hemodynamics could be additional biomarkers of efferent 
and afferent denervation. Renal vascular resistance and 
renal blood flow could reflect a reduction in SNA of renal 
nerves. However despite improved central and peripheral 
blood pressure, decreased renal vascular resistance, the 
renal function (GFR) and renal perfusion remain unchanged 
after the procedure [95, 212]. 

Subsequent studies investigated the safety and potential 
benefit of RDN in CKD. Hering et al. studied the short term 
effects of RDN in CKD three to four patients. RDN reduced 
the BP however did not result in significant changes of GFR, 
proteinuria or albuminuria [213]. Three additional studies 
investigated the effects of RDN in end stage renal disease 
(ESRD) for up to 12 months [107, 116, 214]. These studies 
confirm the anti-hypertensive effect of RDN in ESRD 
without a change in GFR which could suggest a protective 
effect of this intervention on renal function. Since most 
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studies lack a control group the potentially beneficial effect 
and its role as a surrogate outcome need to be further 
investigated in randomized controlled trials. 


Metabolic 


Diabetes 

Surrogate Outcomes: Insulin Level, Insulin 

Resistance, Fasting Glucose and Glucose 

Tolerance Test 

There is a clear link between activation of the SNS, 
hyperinsulinemia and development of diabetes mellitus type 
2 (DM) [215-217]. Moreover SNA is associated with 
pathophysiology of metabolic syndrome, obesity and 
resistant HTN [217]. At the same time the metabolic 
syndrome and DM are clearly linked to an increased 
cardiovascular morbidity and mortality [218]. Increased 
fasting glucose, impaired glucose tolerance and increased 
insulin levels have been established as surrogate outcomes 
for the metabolic syndrome and DM. 

In animals models of insulin induced HTN, renal 
denervation improved BP [131]. Mahfoud et al. studied the 
effects of RDN in humans with resistant HTN [132]. In a 
population of patients with resistant HTN and metabolic 
syndrome, 40 % of whom had a confirmed diagnosis of 
DM2, RDN decreased fasting glucose from 118 to 108 mg/ 
dL, insulin levels from 20.8 to 9.3 pIU/mL and C-peptide 
levels from 5.3 to 3.0 ng/mL. Further the insulin resistance 
index as well as a postprandial glucose tolerance test 
improved by 30—40 % following 3 months after the procedure. 
Moreover oral glucose tolerance tests improved in the studied 
population resulting in decreased number of patients with 
impaired fasting hyperglycemia and impaired glucose 
tolerance test. 

While the association between renal sympathetic 
denervation in resistant HTN has been documented, neither 
insulin resistance by HOMA or reduction of insulin levels 
themselves have been documented as mortality surrogates. 


Conclusion 

1. There is no current intraprocedural test of technical 
success to assist in titration of therapy that both is sen- 
sitive and specific as well as provide immediate results 
to the interventional clinician. The low complication 
rates and cost of therapeutic renal denervation for 
treatment resistant HTN render the value for these 
tools low. However, if more aggressive or potentially 
toxic interventions or the titration of ablation therapy 
is associated with renal or vascular toxicity the need 
for measures of technical success will be more 
obvious. 


2. Screening tests for identification of optimal candidates 
for renal denervation could reduce futile therapy. For 
the population of drug resistant HTN, where the cost 
and morbidity of the procedure are apparently low 
while the underlying morbidity of excessive blood 
pressure is high, a screening test has to overcome high 
burdens to prove themselves useful. In populations, 
other than HTN, where the benefit: risk of therapy is 
lower, a screening test with excellent positive predic- 
tive value of benefit could be necessary and may 
require organ system specific metrics. 

3. Beyond the reduction of office blood pressure, a well 
vetted surrogate of cardiovascular morbidity and mor- 
tality are improvements in left ventricular electrocar- 
diographic findings, such left ventricular voltage and 
strain patterns represented by ST-T wave abnormali- 
ties. A less sensitive and more specific surrogate for 
mortality may be the reduction of LV mass docu- 
mented by either ECHO or MRI. The reporting of 
these changes in renal denervation trails for the treat- 
ment of HTN could empower clinicians and patients 
considering therapeutic options. 

4. Various measures of sympathetic activity remain sci- 
entifically interesting and perhaps valuable in com- 
paring the method of action between denervation 
tools, but these measures are themselves poorly 
linked to mortality rates and the sensitivity of these 
measures to changes in mortality rates remains 
untested. 
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Key Points 

e Treatment-resistant systemic HTN can be described 
as a blood pressure that remains uncontrolled (i.e., 
seated office BP >140/90 mmHg) despite adher- 
ence to treatment with at least three complementary 
antihypertensive agents (one of which is a diuretic) 
already taken at optimal or best-tolerated doses. 

e Apparent or pseudo-resistant hypertension, defined 
as inadequate blood pressure control in a patient 
who does not have true resistant hypertension but is 
receiving appropriate treatment, must first be 
excluded before a diagnosis of resistant hyperten- 
sion can be confirmed. 

e Pseudo-resistant hypertension most commonly 
arises from: incorrect office blood pressure mea- 
surement technique, the ‘white coat’ effect, poor 
patient adherence with prescribed therapy, and/or a 
suboptimal antihypertensive treatment regimen. 

e Current expert consensus documents on catheter- 
based renal denervation all advocate ruling out 
pseudo-resistant hypertension and thereafter con- 
firming the validity of persistently high office blood 
pressure recordings with the use of ambulatory 
blood pressure monitoring. 
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The prevalence of secondary hypertension is 
greater in the resistant hypertension cohort than in 
the general hypertensive population, with studies 
indicating 5-10 % of those patients have an iden- 
tifiable cause. As such it is fundamentally impor- 
tant for a trial of renal denervation to incorporate 
a selection protocol through which those patients 
with a secondary cause are excluded prior to 
randomization. 

The Global SYMPLICITY Registry reiterates yet 
again the significant heterogeneity in pharmacother- 
apy used to treat poorly controlled hypertension and 
the continued need to establish an evidence-based 
drug combination that should first be exhausted 
before even considering invasive measures. 

The open-label designs of both SYMPLICITY 
HTN-1 and HTN-2 make them susceptible to expec- 
tation, performance, and evaluation biases, particu- 
larly when the primary outcome measure in HTN-2 
— seated office blood pressure — was not recorded by 
assessors blinded to treatment assignment. 

The SYMPLICITY HTN-3 trial did not meet either 
its primary or secondary efficacy outcomes at 
6 months. This follow-up time point may however 
be too short to establish a significant dichotomy in 
blood pressure reduction when compared to the 
sham control arm of the trial. 

Preliminary feasibility data from studies of alterna- 
tive renal denervation catheters and devices are all 
encouraging in terms of safety and efficacy but all 
suffer to some extent from those same limitations 
that have hampered the SYMPLICITY HTN-1 and 
HTN-2 trials. 

The holy grail of renal denervation must be to 
identify a reliable, reproducible, and easily attain- 
able imaging test or biomarker of successful 
denervation. 
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46 
What Is Resistant Hypertension? 


Over the past decade several national and international soci- 
eties/regulatory bodies have proposed definitions of resistant 
hypertension (RHTN) (Table 5.1). There are subtle differ- 
ences between these definitions, but treatment-resistant sys- 
temic HTN can be described as a blood pressure (BP) that 
remains uncontrolled (i.e., seated office BP >140/90 mmHg) 
despite adherence to treatment with at least three comple- 
mentary antihypertensive agents (one of which is a diuretic) 
already taken at optimal or best-tolerated doses [1, 3, 11, 12]. 
In the UK, the National Institute for Health and Care 
Excellence (NICE) Clinical Guideline 127 [4] (Table 5.1) 
has been more proscriptive with their definition by suggest- 
ing that the three antihypertensives would usually be a regi- 
men of an angiotensin converting enzyme (ACE) inhibitor or 


Table 5.1 The evolution of treatment-resistant hypertension definitions 


National or international society Date published 
Seventh Report of the JNC on Prevention, 2003 
Detection, Evaluation, and Treatment of 

High Blood Pressure [1] 

ESH and ESC Guidelines for the Management 2007 
of Arterial Hypertension [2] 

AHA Professional Education Committee 2008 
of the Council for High Blood Pressure 

Research [3] 

NICE Clinical Guideline 127. Hypertension — 2011 
The Clinical Management of Primary 

Hypertension in Adults [4] 

Joint UK Societies’ Consensus Summary 2011 
Statement on Renal Denervation for Resistant 
Hypertension [5] 

ESH Position Paper on Renal Denervation [6] 2012 
ASH and ISH Clinical Practice Guidelines 2013 
for the Management of Hypertension in the 

Community [7] 

ESC Consensus Document on Catheter-Based 2013 
Renal Denervation [8] 

International Expert Consensus Statement [9] 2013 
ESH Working Group on the Interventional 2014 


Treatment of Hypertension [10] 
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angiotensin receptor blocker (ARB) plus a calcium channel 
blocker plus a thiazide-type diuretic (i.e., A+C+D regimen), 
in accordance with the NICE treatment algorithm (http:// 
guidance.nice.org.uk/CG127). The NICE guidance has also 
suggested that RHTN should only be diagnosed after con- 
firming inadequate BP control by use of ambulatory blood 
pressure monitoring (ABPM -— i.e., mean daytime BP 
>135/85), thereby excluding so-called “white coat” hyper- 
tension. The optimal target BP in patients treated for RHTN 
is widely accepted to be <140/90 mmHg, although lower tar- 
gets might be appropriate in those with diabetes and/or 
chronic kidney disease (CKD) (Table 5.1) [11]. Furthermore, 
it should be remembered that an individual whose BP is con- 
trolled by the incorporation of a 4th line agent continues to 
be labelled as having RHTN. Likewise, RHTN should not be 
confused with uncontrolled HTN, the latter being an umbrella 


Definition of resistant hypertension 


The failure to achieve goal BP (<140/90 mmHg) in patients who are 
adhering to full doses of an appropriate 3-drug regimen that includes 
a diuretic 

When a therapeutic plan that has included attention to lifestyle 
measures and the prescription of at least three drugs (including a 
diuretic) in adequate doses has failed to lower systolic and diastolic 
BP to goal (<140/90 mmHg) 

BP that remains above goal (<140/90 mmHg) in spite of the 
concurrent use of 3 antihypertensive agents of different classes. 
Ideally, one of the 3 agents should be a diuretic and all agents should 
be prescribed at optimal dose amounts 

BP not controlled to <140/90 mmHg despite optimal or best 
tolerated doses of third line treatment. Third line treatment 
comprises angiotensin-converting enzyme inhibitor or angiotensin 
receptor blocker plus a calcium channel blocker plus a diuretic 
Sustained clinic BP >160 mmHg (>150 mmHg in type 2 diabetes 
mellitus) in patients on 3 or more antihypertensive medications. 
Confirmation of sustained raised BP using ambulatory BP 
monitoring is essential 

BP levels above goal in spite of the concurrent use of three 
antihypertensive agents in adequate doses from different classes 
including a diuretic 

BP not controlled to target (<140/90 mmHg in most patients) by 
using either 1, 2, or 3 drugs (angiotensin-converting enzyme 
inhibitor or angiotensin receptor blocker/calcium channel blocker/ 
diuretic) in full or maximally tolerated doses 

BP >140/90 mmHg, >130-139/80-85 mmHg in diabetes mellitus or 
>130/80 mmHg in chronic kidney disease in the presence of three or 
more antihypertensives of different classes, including a diuretic, at 
maximal or the highest tolerated dose 

BP higher than target levels despite the use of 3 antihypertensive 
agents in adequate doses from different classes, including a diuretic 
agent 

Office systolic BP >160 mmHg (2150 mmHg in type 2 diabetes) 
despite treatment with >3 antihypertensive drugs of different types 
in adequate doses, including one diuretic 


Key: BP blood pressure, JNC Joint National Committee, ESH European Society of Hypertension, ESC European Society of Cardiology, AHA 
American Heart Association, NICE National Institute of Health and Care Excellence, ASH American Society of Hypertension, ISH International 
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term to include all those individuals unable to achieve ade- 
quate BP targets, including that due to non-adherence, 
despite therapeutic intervention. 

Interest regarding the assessment, diagnosis, and subse- 
quent management of RHTN has been noticeably acceler- 
ated in recent times for several reasons: recognition that 
patients with true RHTN appear to lie at the extreme end of 
an already high-risk cardiovascular (CV) morbidity and mor- 
tality continuum [11, 13, 14]; acceptance that estimates of 
the incidence and prevalence of RHTN remain largely anec- 
dotal [14-17]; the need to establish robust prognostic asso- 
ciations to benchmark the degree of benefit gained from 
timely and consistent management of RHTN; the need to 
define the optimal pharmacotherapeutic regimen for RHTN; 
evidence that RHTN may, at least in part, be mediated by 
chronic activation of the sympathetic nervous system (SNS) 
[18]; and the subsequent emergence of percutaneous sympa- 
thetic denervation of the renal arteries — an intervention that 
could possibly stimulate a paradigm shift in the way we 
manage treatment-resistant systemic HTN [11, 12, 19]. 

The predominant focus of this chapter is a critical 
appraisal of the data emanating from trials involving the use 
of all renal denervation (RDN) devices currently available in 
the market place. To fully appreciate whether each trial has 
recruited an appropriate treatment-resistant HTN population 
we also concentrate on how best to isolate true RHTN indi- 
viduals from those actually describing apparent or “pseudo” 
RHTN and highlight how crucial medical optimization pre- 
procedure, exclusion of secondary causes of systemic HTN, 
adequate compliance with pharmacotherapy and instigation 
of lifestyle modification is — before RDN should be 
considered. 


Assessment of True Resistant Hypertension 


Physician inertia has an important role to play in the subop- 
timal management of HTN, particularly when patients 
require multiple medications. Poor knowledge of clinical 
guidelines, a misguided acceptance of elevated BP levels, 
potentially spurious reasons to avoid intensification of exist- 
ing therapy, and an underestimation of CV disease risk can 
all lead to suboptimal BP control and thereafter a misdiagno- 
sis of RHTN [20]. 


Exclusion of Apparent or Pseudo-Resistant 
Hypertension 


Apparent or pseudo-RHTN, defined as inadequate BP con- 
trol in a patient who does not have true RTHN but is receiv- 
ing appropriate treatment, must first be excluded before 
consigning a an individual to a diagnosis of true RHTN [12]. 


Pseudo-RHTN most commonly arises from: poor office BP 
measurement technique, the ‘white coat’ effect, poor patient 
adherence with prescribed therapy, and/or a suboptimal anti- 
hypertensive treatment regimen. Complicated dosing regi- 
mens, inadequate patient education, and the rising cost of 
medication (within some healthcare systems) must also be 
borne in mind. It is of prime importance to conduct a thor- 
ough exploration of these patient and physician barriers to 
sustained BP control and eliminate them first, before estab- 
lishing a definitive diagnosis of RHTN. Trials of RDN should 
ideally stipulate this process has been performed thoroughly 
before a patient is recruited. 


Office BP Versus Home BP Versus Ambulatory 
BP Monitoring 


Up to a third of patients, defined as having RHTN according 
to office BP recordings, are later found to manifest a white 
coat effect (i.e., a persistently elevated office BP but a normal 
home or ambulatory daytime average BP of <135/85 mmHg) 
[16, 21]. This serves to emphasize the importance of using 
ABPM to confirm a true RHTN diagnosis [3, 4, 5, 22]. The 
long-term prognostic implications of the white-coat effect 
appear to be intermediate between sustained hypertension 
and normotension, and there is evidence to suggest that these 
individuals do have an increased risk of developing a sus- 
tained hypertensive state [23]. A white coat effect should be 
suspected in any individual with persistently elevated office 
BP readings but no signs of target organ damage or signs/ 
symptoms of over-treatment such as postural hypotension, 
dizziness, or syncope [24]. 

Office BP measurements could be deemed more reliable if 
taken using an automated device with the patient alone in a 
quiet room [25]. There is little doubt, however, that out-of- 
office BP measurements are more reproducible, reflect diur- 
nal variation, reduce observer bias if automated devices are 
used, and provide multiple recordings from which to base a 
firm diagnosis or monitor response to therapy [26]. 
Furthermore two recent meta-analyses have confirmed a 
more accurate estimation of treatment response with out-of- 
office (home BP monitoring — HBPM and 24-h ABPM) 
recordings, ABPM also giving rise to an attenuated reduction 
in BP, when compared to clinic BP measurements [27, 28]. 

The landmark PAMELA study drew attention to the sig- 
nificant disparity between clinic and out-of-office BP mea- 
surements and established normal values for HBPM and 
ABPM [29]. It is now widely accepted that CV risk is more 
tightly correlated to out-of-office BP than to clinic BP [30, 
31]. Furthermore, elevated ambulatory BP can predict CV 
morbidity and mortality in patients with RHTN, whereas 
clinic BP has less prognostic value [32]. These data provide 
compelling evidence for the routine use of out-of-office BP 
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monitoring when assessing patients for presumed RHTN and 
should be a prerequisite inclusion criterion in trials of 
RDN. Indeed, an International Expert Consensus Statement 
for the performance of percutaneous RDN recommends con- 
firmation of persistently elevated BP above target by using 
24-h ABPM [9]. Similarly, expert consensus documents 
issued by the European Society of Cardiology (ESC) and the 
European Society of Hypertension (ESH) on catheter-based 
RDN also advocate ruling out pseudo-RHTN and thereafter 
confirming the validity of persistently high office BP record- 
ings with the use of ABPM [6, 8, 10]. 


Management After Confirmation 
of Resistant Hypertension 


Once out-of-office BP monitoring has confirmed a diagnosis 
of RHTN, the clinician must instigate conservative therapeu- 
tic measures, and possibly further investigations, before an 
individual can be considered for enrolment in a RDN trial [6, 
8-10]. 


Lifestyle Modifications 


Once a diagnosis of RHTN has been reliably established, 
individuals should be evaluated for potentially remediable 
lifestyle factors such as obesity, alcohol, and caffeine con- 
sumption, and excess dietary sodium, which all contribute 
to the hypertensive state [11]. Thereafter, a survey for the 
potential use or abuse of exogenous substances that raise BP 
should be performed (Table 5.2). Once identified, the 
offending agents should be discontinued, minimized or sub- 
stituted as required. Intuitive interventions such as weight 
loss, regular exercise and a high-fiber, low-salt diet must be 
attempted. 


Exclusion of Secondary Causes of Resistant 
Hypertension 


The next recommended step in the diagnostic pathway is 
to exclude a potentially remediable secondary cause [6, 
8-10]. The prevalence of secondary hypertension is greater 
in the RHTN cohort than in the general hypertensive popu- 
lation, with studies indicating 5-10 % of RHTN patients 
with an identifiable cause [33, 34]. The most common 
causes are hyperaldosteronism, CKD (either the cause or 
result of chronic, poorly controlled HTN), renal artery ste- 
nosis (RAS), and obstructive sleep apnea [11, 35]. Less 
common causes include renal parenchymal disease, pheo- 
chromocytoma, thyroid diseases, Cushing’s syndrome, 
coarctation of the aorta, and intracranial tumours. It is 
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Table 5.2 Drug-related causes of resistant hypertension [11] 


Non-steroidal anti-inflammatory drugs 


Contraceptive hormones — combined oral contraceptives are more 
often associated with elevated BP 


Adrenal steroid hormones 

Sympathomimetic agents (nasal decongestants, diet pills) 
Erythropoietin, cyclosporine and tacrolimus 

Liquorice — suppresses the metabolism of cortisol 

Herbal supplements (ephedra, ma huang, bitter orange, etc.) 
Use of cocaine and/or amphetamines 


fundamentally important for an RDN trial to incorporate a 
selection protocol through which those RHTN patients 
with a secondary cause are excluded prior to randomiza- 
tion. As such, the trial screening should include a focused 
history, thorough physical examination, biochemical eval- 
uation, non-invasive imaging, and subsequent onward 
referral to a specialist clinic if deemed necessary prior to 
potential enrolment [9, 36]. 


Assessment of Adherence to Therapy 


Adherence to prescribed therapy is of particular relevance in 
this scenario since RHTN is largely an asymptomatic condi- 
tion treated with multiple medications, each with their own 
array of potentially troublesome side effects. Measures to 
improve drug adherence such as improving patient educa- 
tion, motivation, and ownership of their management pro- 
gram along with setting realistic goals in achieving BP 
targets warrant careful attention. 

Existing antihypertensive drug treatment requires opti- 
mization. Recent medication changes or dose adjustments 
should be given time to work — this can take up to a month 
to take effect [12]. If the standard A+C+D treatment algo- 
rithm is pursued, as recommended by NICE [4], the opti- 
mal fourth line agent for the pharmacologic treatment of 
RHTN remains open to debate. Although mineralocorti- 
coid receptor antagonists appear to be the obvious con- 
tender, their long-term safety, particularly in patients with 
impaired renal function, is still unknown. As such, an indi- 
vidualized approach to tailor the best antihypertensive 
regimen for the patient is currently advocated with the 
addition of aldosterone antagonists if they are considered 
safe in the circumstances [6, 8—10]. At present there is cur- 
rently no robust evidence available to define with absolute 
confidence the most clinically effective 4th or 5th line 
agent to attain target BP in RHTN [12]. It is little wonder, 
therefore, that RDN has been seen as a potential game- 
changer. It is imperative that trials of RDN should ensure 
potential recruits have had their current medications opti- 
mized and that their treatment regimen is in alignment 
with international consensus standards. 
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Clinical Trial Data in Renal Denervation 
for Resistant Hypertension 


Excitement about RDN was kindled by a case report pub- 
lished in the New England Journal of Medicine in 2009 [37]. 
A 59-year-old patient with poorly controlled essential hyper- 
tension resistant to treatment with seven antihypertensive 
medications was administered radiofrequency ablation 
(RFA) to both renal arteries. Secondary hypertension had 
been excluded but there was no record of ABPM utilization 
to confirm a RHTN diagnosis. The case report did of course 
pre-date the current crop of consensus guidelines on the pro- 
cedure [4, 6, 8—10, 22]. Renal norepinephrine spillover along 
with whole body norepinephrine spillover and muscle sym- 
pathetic nerve activity, surrogates of renal sympathetic effer- 
ent and afferent nerve activity respectively, were both 
reduced suggesting adequate penetration of the RF energy 
emitted from the catheter to ablate the renal nerves. Systemic 
BP was reduced from an office BP of 161/107 mmHg at 
baseline to 141/90 mmHg at 30 days and 127/81 mmHg at 
12 months. There were no apparent procedural or vascular 
complications and renal function remained unaltered. 


The SYMPLICITY HTN-1 Trial 


This was the original proof-of-concept non-randomized 
cohort study designed to show that RDN was feasible, safe 
and effective [38]. Krum and colleagues treated 45 patients 
from five centers in Australia and Europe, including the 
patient described in the case report above [37], using the 
Symplicity™ Renal Denervation system (Medtronic, Santa 
Rosa, CA, USA). An office systolic BP >160 mmHg (or 
>150 mmHg in Type 2 diabetics) based on an average of 
three readings was required for trial entry. Mean baseline 
office systolic and diastolic blood pressures were 177 +20 
and 101+15 mmHg respectively. Patients were taking an 
average of 4.7 medications, although diuretic therapy was 
not taken by all trial participants (95 %). Given the predomi- 
nance of volume and sodium overload in these patients, 
attempts at achieving sustained BP control with diuretic 
medication is now regarded as a prerequisite therapeutic 
intervention before a RHTN diagnosis can be made [4, 22]. 
Secondary causes of RHTN had to be excluded prior to 
inclusion into the study. The trial required preserved renal 
function (estimated glomerular filtration rate — eGFR 
>45 mL/min/1.73 m’) to be eligible for RDN. 

Office systolic and diastolic blood pressures after the pro- 
cedure (while maintaining patients on their usual antihyper- 
tensive medication therapy) were reduced by 14/10, 21/10, 
22/11, 24/11, and 27/17 mmHg at 1, 3, 6, 9, and 12 months, 
respectively. At the 12-month follow-up stage RDN appeared 
to be safe with successful completion of the procedure in 43 


out of 45 patients. A single intraprocedural renal artery dis- 
section was recorded. This had occurred prior to the applica- 
tion of RF energy without further sequelae. There were no 
other renovascular complications (such as vessel spasm or 
RAS) [38]. One patient developed a pseudoaneurysm at the 
femoral access site. 

By 3 years, HTN-1 had recruited 153 patients, 88 of whom 
had complete data for the entire follow-up period [39]. The 
premise was to determine the durability of the BP lowering 
effect seen after RDN in light of concerns that renal afferent 
and efferent re-innervation may occur in the medium term post 
procedure. Again, the intervention was shown to be safe with 
a total of four complications out of the entire patient cohort 
(one renal artery dissection previously noted in the first 
12-month report of HTN-1 [38] and three access-related groin 
complications). A single patient developed a significant right 
RAS 24 months after RDN which required angioplasty [39]. 
At 36 months, significant reductions in office systolic 
(-32.0 mmHg, 95 % confidence interval [CI] —35.7 to —28.2) 
and diastolic BP (-14.4 mmHg, CI—16.9 to —11.9) were noted 
in the 88 patients in whom data were available. In terms of 
response rate, 55/80 (69 %) had reductions in systolic BP 
>10mmHgat 1 month. This rose to 82/88 (93 %) at 36 months, 
which some interpreted as a delayed response phenomenon, 
although the pathophysiological basis of this remains unclear. 
Of note, the need for antihypertensive medications actually 
rose over the 36-month period from a mean of 5.1 at baseline 
to 5.2 at study termination despite the purported gains in BP 
control [39]. Further analysis of medication dose or drug 
changes is precluded, however, by lack of medication data 
after 12 months — a major limitation of the study. 


The SYMPLICITY HTN-2 Trial 


Whereas HTN-1 was a single-arm proof-of-principle study, 
and therefore exposed to confounding issues such as regres- 
sion to the mean, placebo, and Hawthorne effects, HTN-2 
was a prospective, multicenter trial in which 106 patients 
were randomly allocated to RDN (n=52) or control (n=54) 
[40]. A 2-week ‘Baseline Evaluation Period’ was used to ana- 
lyze BP patterns in potential recruits with twice-daily home 
BP monitoring and a daily medication log to monitor compli- 
ance prior to formal randomization. Despite the opportunity 
to use these out-of-office BP recordings, the investigators 
restricted their RHTN diagnosis to the mean of office BP 
measurements. This potentially limits the generalizability of 
the trial’s results [12]. Much like HTN-1, therefore, patients 
with a systolic BP >160 mmHg (=150 mmHg in Type 2 dia- 
betics) despite adherence to >3 antihypertensive agents were 
eligible for recruitment. Furthermore, inclusion criteria stipu- 
lated a ‘stable’ treatment regimen of >3 antihypertensives, 
which prevented any change in drug or dose 2 weeks prior to 


50 


randomization and maintenance of the same baseline combi- 
nation for at least 6 months post RDN to avoid adjustments 
confounding the results [12, 40]. In HTN-1, 22 % of patients 
were taking an aldosterone antagonist at baseline [38] and 
only 17 % in HTN-2 [40], perhaps reflecting the relative lack 
of conclusive data on what constitutes best practice in terms 
of pharmacotherapy in RHTN patients. Exclusion of patients 
with a known secondary cause of HTN is routine at present 
and was actively performed in HTN-1 [38, 41]. The protocol 
for HTN-2 excluded Type I diabetics but did not explicitly 
exclude those with a known secondary cause — the reasoning 
behind the shift in recruitment protocols is unclear [40]. 

At the 6-month time point, office BP fell by 
32/12+23/11 mmHg from 178/96 mmHg+ 18/16 mmHg at 
baseline in those receiving RDN compared to a change of only 
1/0+21/10 mmHg from 178/97 + 17/16 mmHg at baseline in 
the control arm. Note, however, the wide standard deviation in 
the latter cohort. When ABPM measurements were analysed, 
the reductions were less impressive. In the RDN group, there 
was a mean reduction of 11/7+15/11 mmHg (n=20) at 
6 months using out-of-office recordings. Much like in HTN-1, 
RDN was shown to be safe with no serious complications 
related to the device or the procedure [40]. Renal function 
remained the same overall in both groups at 6 months. 

Results from HTN-2 at 1 year included the original RDN 
group at baseline (n=47) and control subjects who crossed 
over to the RDN arm and had the procedure performed per 
protocol at 6 months (n=35) [42]. An overall fall in BP in the 
original RDN group of 28/10 mmHg remained durable at 
12 months. The crossover group also demonstrated a fall in BP 
of 24/8 mmHg at 6 months. A crossover patient suffered renal 
artery dissection during guide catheter insertion for angiogra- 
phy. Aside from this, there were no other renovascular compli- 
cations reported thereby reaffirming the safety of this procedure. 
No significant changes in estimated glomerular filtration rate 
(eGFR) were noted in either group at this time point. At 
36-month follow up, the data had been locked and was only 
available in the RDN group (n=40). The BP lowering effect 
remained durable with a reduction of 33/14 mmHg [43]. 


Limitations of the SYMPLICITY HTN-1 
and HTN-2 Trials 


Both HTN-1 and HTN-2 were trials that introduced a seem- 

ingly safe and effective procedure to the interventional world 

at large. There were, however, a number of limitations to the 
studies, which prevent the widespread generalizability of 
the data: 

e Less than 250 patients combined received RDN in the 
HTN-1 and HTN-2 trials. These relatively small trial 
numbers tend to overestimate treatment effect and under- 
estimate adverse effects. 
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36-month results from both HTN-1 and HTN-2 provide 
some reassurance that re-innervation of efferent and affer- 
ent nerve fibers following RDN does not occur or if re- 
innervation does occur, the nerves no longer contribute to 
the positive feedback loop that causes the hypertensive 
state [39, 43-45]. However, the distance of peri-renal 
nerves from the lumen of the renal artery follows a nor- 
mal distribution ranging from 0.5 mm through to >10 mm 
(mean 2.0-4.0 mm). As such, there is no guarantee that 
the energy from each ablation will successfully reach a 
nerve bundle and that the treated renal nerve fully extends 
to the kidney [44] — this could in part explain the early 
non-responsiveness to RDN therapy and underlines the 
need to seek alternative reproducible predictors of proce- 
dural success other than high baseline BP, which is not 
specific enough to enhance patient selection [46]. 

Renal norepinephrine spillover (measure of renal efferent 
activity), total body norepinephrine spillover (measure of 
central sympathetic drive via the renal afferent pathway) 
and microneurography (measure of muscle sympathetic 
nerve activity) are accessible metrics that can be used to 
evaluate the durability of effect post RDN, and therefore 
the effectiveness of the RF energy to ablate renal afferent 
and efferent nerves. They were not reported in all patients 
exposed to the intervention [19, 37]. 

It remains uncertain what effect, if any, a renewed motiva- 
tion for lifestyle modification and medication adherence 
could have contributed to this sustained BP reduction in 
patients, not only enthused by the encouraging results 
from their RDN procedure but also monitored more 
closely in an artificial trial environment. 

Importantly, follow-up was incomplete in both HTN-1 
and HTN-2 and changes to antihypertensive regimens 
were not monitored after the 12-month post procedure 
visit. Indeed enthusiasm has been tempered by the 
more modest reduction of approximately —10 mmHg 
of systolic BP when ambulatory recordings were 
available [47]. 

A small sample size precludes a direct association 
between any compromise in eGFR post RDN with the 
deleterious consequences of the underlying hypertensive 
state, exposure to contrast media, diuretic sensitivity 
heightened by RDN rendering the kidney less able to 
autoregulate against falls in perfusion pressure, an adverse 
effect on renal hemodynamics, or damage to the renal 
artery during the procedure, e.g., prolonged spasm or dis- 
section, or delayed development of RAS [48-50]. 

The open-label designs of both HTN-1 and HTN-2 make 
them susceptible to expectation, performance, and evalu- 
ation biases, particularly when the primary outcome mea- 
sure in HTN-2 — seated office BP — was not recorded by 
assessors blinded to treatment assignment. Patients were 
also predominantly Caucasian (>95 % for both trials) and 
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obese, making it difficult to generalize the findings to a 
wider hypertensive population [40, 41]. 

e There was no systematic imaging in place to identify 
RAS in the short to medium term. Furthermore choice of 
imaging modality was not standardized either at baseline 
or follow-up. Magnetic resonance angiography and com- 
puterized tomographic resonance angiography were used 
in only a minority of patients in HTN-1 and HTN-2. As 
such, the occurrence of adverse renovascular sequelae 
remains a legitimate concern, particularly beyond 
6 months follow-up. 


The Global SYMPLICITY Registry 


The Global SYMPLICITY Registry (GSR) (ClinicalITrials. 
gov Identifier: NCT01534299) is consecutively enrolling up 
to 5,000 patients from over 200 sites worldwide to determine 
the real-world durability of effect and safety of the Symplicity 
RDN catheter. It also incorporates the GREAT SYMPLICITY 
registry initiated in Germany [51]. The registry aims to 
establish procedural benchmarking and practice patterns, 
assess the effect of geographical variation and procedural 
characteristics on outcome, and to collect quality of life data 
post procedure and in relation to patient comorbidity [51]. 

Data from the first 1,000 patients consecutively enrolled 
to the registry and followed up for 6 months were presented 
at the American College of Cardiology Scientific Sessions in 
March 2014 [52]. Safety solely related to the procedure 
appeared to be maintained with vascular complications 
occurring in only 0.4 % (n=4) of the cohort (n=913) at 
6 months. There were no new cases of RAS. Both new onset 
end stage renal disease and a doubling of the serum creati- 
nine were also rare (0.2 % each). 

Perhaps most striking were those patients with a baseline 
office systolic BP >160 mmHg (i.e., the RHTN cut-off used 
in HTN-1 and HTN-2) or an ambulatory systolic BP 
>135 mmHg on >3 antihypertensive medications, which 
represented only a third (n=327) of the 1,000-patient cohort 
studied for this preliminary analysis. This cohort achieved 
the greatest reduction in office BP post procedure, whereas 
those patients with a relatively “normal” baseline BP actu- 
ally saw an increase over time (Table 5.3). It is not clear 
whether this latter cohort corresponded to those patients in 
whom the primary indication for RDN therapy was to treat a 


disease state characterized by SNS hyperactivation outside 
of the standard uncontrolled HTN parameter (i.e., heart fail- 
ure, sleep apnea, insulin resistance, chronic kidney disease, 
or atrial fibrillation). Overall, the average reduction in office 
systolic BP from baseline to 6 months was a modest 
11.9 mmHg for all patients. Among the subset of patients 
who met the BP criteria used in HTN-1 and HTN-2 and who 
were taking maximally tolerated doses of >3 antihyperten- 
sive agents the fall in mean BP was 17.3 mmHg. 

On the upside, the GSR proved once again the procedure 
is safe. As it continues to accumulate patients, the GSR may 
also help to identify specific patient populations that will 
gain the most post RDN from a real world perspective. 
Conversely, the GSR reiterates yet again the significant het- 
erogeneity in pharmacotherapy used to treat poorly con- 
trolled HTN and the continued need to establish an 
evidence-based drug combination that should first be 
exhausted before considering invasive measures. Ultimately, 
the real crux lies in elucidating a robust biometric parameter 
of successful RF ablation that will allow the interventionalist 
some degree of confidence that true denervation has actually 
occurred following the procedure. Until such a biomarker is 
used in clinical practice, we cannot be entirely sure the 
results gleaned from the GSR thus far, or from any trial of a 
denervation device for that matter, truly reflect renal nerve 
ablation, are merely a placebo effect, or indicate regression 
to the mean. 

A French registry of 35 consecutive patients with RHTN, as 
defined by a home BP >160 mmHg despite the use of >3 anti- 
hypertensive drugs (100 % of patients were taking a diuretic, 
only 11.4 % were taking an aldosterone antagonist), used 
ABPM and home BP monitoring (HBPM) in all patients for 
initial assessment and follow up post percutaneous RDN using 
the Symplicity catheter [53]. Unlike the SYMPLICITY trials, 
11.4 % of the cohort had renal impairment (eGFR <45 mL/ 
min). Baseline out-of-office BP was 179/100+21/20 mmHg. 
Successful bilateral RDN was performed in 33/35 patients (one 
RAS on renal arteriography — not ablated and one renal artery 
spasm — unilateral denervation only). At 6 months, mean out- 
of-office BP had fallen to 152/88+22/14 mmHg. By 2 years 
this had fallen to 144/83 + 15/13 mmHg suggesting both dura- 
bility of antihypertensive effect and safety given the fact no 
adverse events were noted during follow-up and renal function 
remained stable in all patients. As this was a small single-cen- 
ter study, it needs to be interpreted cautiously [53]. 


Table 5.3 Changes in office systolic blood pressure seen in the global SYMPLICITY Registry [53] 


Patient group 3 months 6 months P value 

All patients —10.0 mmHg -11.9 mmHg <0.0001 (at 3 and 6 months) 

<140 mmHg +12.9 mmHg +14.2 mmHg <0.0001 (at 3 and 6 months) 
140-159 mmHg —2.0 mmHg —4.6 mmHg 0.14 (3 months) 0.0006 (6 months) 
>160 mmHg -18.9 mmHg —21.4 mmHg <0.0001 (at 3 and 6 months) 
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Confirmatory 


Initial screening screening 


e Office SBP 2160 mm Hg 

¢ Full doses of 23 meds 

+ No HTN med changes 
in past 2 weeks 

e No plan to change meds 
for 6 M 


e Office SBP 2160 mm Hg 

¢ 24-h ABPM SBP 2135 

* Documented compliance 
on meds 
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Control 
Renal angiogram 
* If eligible anatomy. Primary 
randomize “on the table” Endpoint 
2 weeks l 
Tu ow 6M 12M- 60M 
J 


y 
e Patient and research staff assessing 
BP are blinded to treatment status 

e No changes in medications for 6 M 


Fig. 5.1 SYMPLICITY HTN-3 Trial Flow. ABPM ambulatory blood pressure monitoring, HTN hypertension (Reproduced and adapted from 


Kandzari et al. [57] with permission from John Wiley and Sons) 


The SYMPLICITY HTN-3 Trial 


SYMPLICITY HTN-3 (ClinicalTrials.gov Identifier 
NCT01418261) was designed to overcome several of the 
methodological limitations of HTN-1 and HTN-2 [54, 55]. It 
was a prospective, randomized, masked procedure, single- 
blind trial that enrolled patients in a 2 (treatment):1 (control) 
design at 88 sites within the United States between October 
2011 and May 2013 [56, 57]. Patients were blinded to the 
extent possible (through conscious sedation, sensory isola- 
tion, and lack of familiarity with the RDN procedure and its 
duration) by means of a sham control procedure. Pre- 
designated BP assessors were also blinded to treatment allo- 
cation, thereby providing the first truly controlled assessment 
of this intervention and minimizing confounding from 
expectation and evaluation bias respectively. The sham con- 
trol was a renal angiogram, which the patient would have 
required anyway prior to randomization. A crossover from 
the control arm to RDN at 6 months was allowed if the 
patient continued to meet the inclusion criteria, and hence all 
randomized patients had the opportunity to be treated, cir- 
cumventing any potential ethical concerns (Fig. 5.1). 

There was a rigorous screening process that comprised a 
patient home diary to confirm compliance with pharmacother- 
apy and ambulatory recordings prior to the second trial visit 
during which time an office systolic BP of >160 mmHg was 
also reconfirmed. An ambulatory average systolic BP 
<135 mmHg was used to exclude patients with white coat 
HTN. Additionally, patients had to be treated with three or 
more optimally dosed antihypertensive medications from dif- 
ferent, complementary classes, one of which had to be an 
appropriately dosed diuretic. There was, however, no mandated 


use of an aldosterone antagonist as a 4th line agent. Changes in 
therapeutic regimen were not permitted prior to randomization. 
Routine assessment for RAS at 6 months was performed. There 
was also a concerted effort to exclude patients with a secondary 
cause of RHTN [56, 57]. All patients were maintained on their 
baseline antihypertensive regimen for the 6-month follow-up 
period unless clinical circumstances justified an alteration in 
pharmacotherapy. All patients, irrespective of treatment arm, 
are to be followed for 5 years post randomization. 

A total of 535 patients (RDN group n=364 vs. sham pro- 
cedure group n=171) were enrolled into the trial. Patients 
were taking on average 5 antihypertensive medications and 
almost all at maximally tolerated doses. Again, RDN was 
shown to be a safe procedure. There were no significant dif- 
ferences between the treatment arms in kidney function at 
any time point. New onset end stage renal disease did not 
occur post procedure. A single RAS occurred in the RDN 
arm (0.3 %). 

The trial however did not meet either its primary or 
secondary efficacy outcomes at 6 months [57]. For the 
former, there was no significant between-group difference 
in office systolic BP (RDN -14.13+23.93 mmHg vs. 
sham —11.74+25.94 mmHg for a difference of -2.39 mmHg, 
95 % CI —6.89 to 2.12, P=0.26). For the latter again there 
was no significant between-group difference in ambulatory 
BP(RDN-6.75 + 15.11 mmHgvs.sham—4.79 + 17.25mmHg, 
for a difference of -1.96 mmHg, 95 % CI —4.97 to 1.06, 
P=0.98). The absolute magnitude of reduction in either 
office or ambulatory BP was also much lower than those 
observed in the HTN-1 and HTN-2 trials. 

So what went wrong? In terms of trial design rigor, HTN-3 
cannot be faulted. Admittedly, absolute compliance with 
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adjunctive medical therapy cannot be guaranteed in trial par- 
ticipants, but this is true of all randomized trials not incorpo- 
rating directly observed therapy systems or measuring drug 
metabolite levels. As such, we can feel confident that the indi- 
viduals exposed to RDN were indeed those suffering treat- 
ment-resistant HTN and not pseudo RHTN. Moreover, HTN-3 
compared the intervention with a sham-control, whereas pre- 
vious trials and the existing literature are replete with studies 
comparing treatment results with corresponding baseline mea- 
surements taken, perhaps in triplicate, but on a single day. 

Perhaps the 6-month follow up period was too short. All 
those participating in HTN-3 will be followed up for 5 years. 
We may indeed see a further divergence in BP reductions as 
the placebo effect diminishes over time, but this is merely 
supposition. Typical of all RDN devices and procedures is 
again the lack of a biometric signal that assures the operator 
that actual denervation has taken place. The search for an 
easily applied and measured neurophysiological biomarker 
to indicate adequate denervation continues. Nevertheless, the 
Symplicity catheter used in HTN-3 was similar to that used 
in part of HTN-2 [58]. 


Symplicity Spyral™ Multi-Electrode Catheter 
Study Data 


In October 2012, Medtronic reported successful completion 
of the first phase of their feasibility study into a next- 
generation RDN system featuring a simultaneously firing 
four-electrode catheter designed to significantly reduce abla- 
tion time. Nine patients were treated with a 100 % successful 
procedure completion rate [59]. The new catheter was 
designed for ease of deliverability and consistency of RF 
energy application. Since then, the Symplicity Spyral cathe- 
ter and G3™ RF generator have received their CE mark in 
Europe and Therapeutic Goods Administration (TGA) list- 
ing in Australia in December 2013. Preliminary results from 
a prospective, non-randomized, open label, first-in-man fea- 
sibility study (n=29) to determine the efficacy and safety of 
the new Spyral catheter revealed a fall in office BP of 
16/7 +21/12 mmHg at 1 month [60]. Aside from two femoral 
artery aneurysms there were no other renovascular or hemo- 
dynamic complications. Further procedural details and 
3-month follow up of the entire planned cohort of 50 patients 
will be presented in due course. 


Preliminary Data for Alternative Renal 
Denervation Devices 


By 2012 five RDN catheters had already received their CE 
mark — Medtronic’s Symplicity, St. Jude Medical’s 
EnligHTN™ (St Paul, Minnesota, USA), Vessix V2™ 


(Boston Scientific Corp, Natick, Massachusetts, USA), 
Covidien’s OneShot™ (Mansfield, Massachusetts, USA) 
and Recor Medical’s Paradise™ (Menlo Park, California, 
USA). Most of these systems use RF energy to target renal 
sympathetic nerves, apart from the Paradise system, which 
uses ultrasound energy delivered uniformly in every treat- 
ment site. 


The EnligHTN | Trial 


This was a first-in-human, multicenter, single arm, non- 
randomized study designed to evaluate the safety and effi- 
cacy of the EnligHTN catheter [61]. The single-electrode 
Symplicity catheter requires the operator to navigate the 
catheter to achieve four to six discrete ablations separated 
longitudinally and rotationally along the length of each renal 
artery. Clearly, this can be a relatively time consuming pro- 
cess and exposes the patient to a heightened risk of renovas- 
cular injury. Conversely, the EnligHTN catheter is a 
multi-electrode RF system with electrodes arranged geo- 
metrically in pre-specified positions. As such a single burst 
of RF energy will simultaneously ablate at several predefined 
areas along the renal artery thereby moderating the need for 
catheter manipulation and theoretically attenuating the risk 
of procedure-related endothelial injury. 

Patients were eligible for the study if they had an office 
systolic BP persistently >160 mmHg (>150 mmHg in Type 
2 diabetic patients) despite the concurrent use of >3 antihy- 
pertensive agents (one of which had to be a diuretic) at maxi- 
mally tolerated doses. The drug regimen was to remain stable 
for at least 2 weeks prior to enrolment and through the initial 
6-month follow-up. A known secondary cause of HTN meant 
exclusion from the trial but a specific protocol was not in 
place to make a de novo diagnosis. Akin to the limitations of 
HTN-1 and HTN-2 [38, 40], out-of-office BP measurements 
were not formally utilized in making the RHTN diagnosis 
despite patients having to take home BP recordings every 
day during the 2-week screening period in addition to having 
an ABPM assessment. No emphasis was made towards opti- 
mization of lifestyle modifications. 

Post procedure, patients were followed up at 1, 3, and 
6-month intervals continuing to 12, 18, and 24 months. 
Importantly, and unlike HTN-1 and HTN-2, renal artery 
imaging by computed tomography (CT) and duplex ultra- 
sound was completed for all patients at the 6-month follow 
up visit. 

Of the 62 patients who gave their consent, 46 ultimately 
went on to receive RDN. Minor peri-procedural side effects 
intrinsic to the procedure (i.e., vasospasm, access site hema- 
toma, bradycardia, vasovagal responses, and flank pain) 
were reasonably common but did not give rise to permanent 
sequelae. Three patients (6.5 %) suffered a serious adverse 
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event including hypotension, progression of hypertensive 
renal disease, and progression of a pre-existing RAS lesion. 
Aside from these, no patient developed a new hemodynami- 
cally significant RAS lesion at the 6-month imaging assess- 
ment. No patient experienced a reduction in eGFR >50 %, a 
twofold increase in serum creatinine, or progressed to end- 
stage renal disease. 

The mean office BP at baseline was 176/96 mmHg. Post 
RDN this fell by 28/10 mmHg at 1 month, 27/10 mmHg at 
3 months, and 26/10 mmHg at 6 months. As expected, 
ABPM figures were less impressive but did remain consis- 
tent throughout the 6-month period. At baseline mean ambu- 
latory BP was 150/83 mmHg. By 1 month this had fallen by 
10/5 mmHg, by 3 months 10/5 mmHg, and 10/6 mmHg at 
6 months. The investigators deserve praise for ensuring fol- 
low-up was virtually complete in the study. Unlike HTN-1, 
this would suggest a more uniform and rapid response to RF 
ablation from the entire cohort when compared with results 
achieved by the Symplicity catheter. Here the investigators 
propose the multielectrode array of the EnligHTN catheter 
may have given rise to a more complete denervation com- 
pared with the single electrode format of the Symplicity 
catheter. This assumption would not, however, explain the 
eventual response of those patients in the HTN-1 and HTN-2 
cohorts over time. Moreover the reductions in BP did not 
stimulate a widespread streamlining of pharmacotherapy in 
the EnligHTN I study group. Longer-term follow up results 
are awaited. 


The REDUCE-HTN Trial 


The REDUCE-HTN Post-Market Study (n= 128), including 
the first-in-man cohort (n=18), is a prospective, non- 
randomized, single arm, open label multicenter study 
designed to evaluate the safety and efficacy of the Vessix V2 
multi-electrode RDN catheter [62]. Patients were enrolled 
based on an office systolic BP >160 mmHg despite maxi- 
mally tolerated doses of >3 antihypertensives (including a 
diuretic unless there was a documented intolerance). The 
final results of the trial have not yet been formally published 
and as such specific selection criteria are not available. At 1 
(n= 142), 3 (n=144), 6 (n=139), and 12 (n=41) months, 
there were reductions of 23/10, 21/8, 25/10 and 30/14 mmHg 
in office BP respectively [62]. Procedure-related adverse 
events occurred in 5.5 % of the 146-patient cohort (including 
hematoma, bilateral flank pain, vomiting, access site pseu- 
doaneurysm, access site thrombus, infection, and a single 
RAS requiring intervention). At 6 months 222/224 renal 
arteries treated remained patent according to core lab duplex 
ultrasound analysis [62]. Boston Scientific ultimately plans 
to enroll 1,200 RHTN patients worldwide in the REDUCE 
HTN clinical series. 
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The REDUCE Trial 


The purpose of the REDUCE study was to determine the 
technical feasibility along with the safety and efficacy of the 
CE-marked Paradise catheter, which incorporates a cylindri- 
cal transducer that emits ultrasound energy circumferentially 
[63]. A fluid-filled low-pressure balloon cools the endothe- 
lium during energy delivery and as such minimizes potential 
damage to surrounding tissues. RHTN was defined accord- 
ing to European Society of Hypertension (ESH) and 
European Society of Cardiology (ESC) guidelines: i.e., a 
minimum BP of 140/90 mmHg (office), 135/85 mmHg 
(home), and 130/80 mmHg (ambulatory) despite treatment 
with >3 antihypertensive drugs including a diuretic [63]. 
Bilateral denervation was achieved by delivering ultrasound 
energy in up to three locations within each renal artery. 

The average office BP was 180/109+20/13 mmHg, 
home BP 169/101+14/13 mmHg, and ambulatory BP 
168/98+ 16/15 mmHg in 11 consecutive patients taking a 
mean of 4.5 antihypertensive medications with 100 % diuretic 
uptake. There was however no medication stabilization period, 
compliance monitoring, exhaustion of lifestyle modifications, 
or active exclusion of secondary causes of HTN. Overall, the 
procedure was safe although one patient suffered a renal artery 
dissection upon placement of the guiding catheter. 

Office BP at 1, 2, and 3 months fell by 30/15, 32/14, 
and 36/17 mmHg respectively. Home BP measurements 
followed suit with reductions in BP of 20/11, 19/10, and 
22/12 mmHg at the same time intervals respectively. The 
investigators should be commended for their use of out- 
of-office BP measurements in all trial participants. This 
gives the results notable credence and proves for now that 
ultrasound denervation is safe. Clearly, long-term follow- 
up is required to demonstrate durability of effect and 
imaging of the renal arteries should continue beyond the 
original 6-month protocol. 


The WAVE I and WAVE II Trials 


The Surround Sound® RDN system developed by Kona 
Medical (Bellevue, Washington, USA) externally delivers 
ultrasound energy to a target tissue obviating the need to 
expose patients to the dangers of radiation. In theory, directed 
ultrasound energy creates an ablative field around the vessel, 
which ablates the renal nerves without the risk of endothelial 
injury or access site issues. 

The WAVE I first-in-man study (n=24) demonstrated BP 
reductions of 22/9 mmHg at 3 months and 29/12 mmHg at 
6 months [64]. The WAVE I protocol involved making 18 
focused lesions over 12.6 min bilaterally. In WAVE II 
(n=17), an optimized protocol involving 14 focused lesions 
bilaterally, created in under 3 min, was assessed [65]. An 
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average fall in BP of 19/7 mmHg was achieved. There were 
no device-related serious adverse events in either study. The 
WAVE III study is currently enrolling. 


The SOUND-ITV Study 


This was a first-in-man feasibility trial used to evaluate the 
Sound 360™ ultrasonic RDN system (Sound Interventions 
Inc., Stony Brook, New York, USA) [66]. The catheter incor- 
porates a cylindrical transducer encased within a non- 
cylindrical, non-occlusive balloon. An average of 1.8 
applications were delivered bilaterally to the renal arteries of 
17 RHTN patients resulting in an average reduction of 
31/10 mmHg at 1 month. Acutely and through follow up 
there were no device or procedure-related complications. 
Longer term follow up and clearly more patients are required 
to confirm these results. 


Discussion 


Prior to HTN-3, all looked very positive in the field of RDN 

[57]. A systematic review and meta-analysis of two random- 

ized controlled trials, one observational study with a control 

group and nine observational studies without a control group 
had confirmed a substantial reduction in average BP at 

6 months in patients with reported RHTN encompassing the 

use of five different catheters [67]. RDN was also shown to 

be safe in this analysis. There were, however, legitimate criti- 
cisms of the data. Howard and colleagues examined the sus- 
pected office versus ambulatory BP discrepancy yet further 
through a meta-analysis of 31 antihypertensive drug trials 

(n=4,121 patients) and 23 RDN trials (n=720 patients) [68]. 

Their findings served to confirm what hypertension and clin- 

ical trial experts had suspected: without randomization or 

masking in drug trials, reductions in office BP were being 
over-estimated when compared with ambulatory BP record- 
ings [69]. With randomization or masking in place, office 
and ambulatory BP figures were virtually identical. The 
investigators therefore predicted that once randomization 

and masking were in place, vis-a-vis the HTN-3 trial [57], 

trials of RDN would reveal a convergence of office and 

ambulatory BP reductions [68]. The results from HTN-3 
would later confirm their predictions. 
So how is the interventional community to move forward? 

If we are to pursue RDN as a viable therapy for the treatment 

of RHTN then the following points must be borne in mind: 

e Absolute due diligence must be taken to identify patients 
with true RHTN and every effort must be made to rule out 
pseudo RHTN [11]. On the ground, this means optimiza- 
tion of lifestyle modifications, complete adherence to a 
pharmacotherapeutic regimen of >3 antihypertensive 


agents including a diuretic, and the use of ABPM to irre- 

futably include those suffering from treatment-resistant 

systemic HTN. 

e We must take a step back from the interventional forum 
and concentrate our efforts on establishing a standard- 
ized, stepwise, evidence-based pharmacotherapeutic 
regimen that must first be attempted prior to consider- 
ation for percutaneous RDN. This means efforts to 
determine whether aldosterone antagonists are indeed 
the best 4th line agent in this particular patient cohort 
[70-75] and if not, what agent is. Is there indeed just one 
specific combination to utilize or should we accept that 
individual tailoring of therapy is inevitable given the 
multitude of adverse effects that can lead to intolerance 
of different drugs? 

e If device companies maintain interest in the RDN field, 
the holy grail of RDN must be to identify a reliable, repro- 
ducible, and easily attainable imaging test or biomarker of 
successful denervation. 

Percutaneous RDN remains a safe procedure supported 
by sound physiological principles, and further study in clini- 
cal trials is warranted. Is it better suited to managing condi- 
tions bearing the hallmarks of SNS hyperactivation other 
than RHTN? Is it best reserved for patients who are non- 
adherent to their antihypertensive regimen? Further studies 
will be necessary to address these important questions. 
Longer-term follow up of HTN-3 will also be intriguing, as 
one might expect the placebo effect to decrease over time, 
for any true effect of RDN to persist. Future rigorously 
designed clinical trials with various devices should be pur- 
sued to see if the lack of efficacy in SYMPLICITY HTN-3 
was due to that particular device or the way that device was 
used. Importantly, these future trials will need to incorporate 
many of the trial design elements from SYMPLICITY 
HTN-3. 
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Stefan C. Bertog and Horst Sievert 


In the aforementioned chapters, the role of the renal sympa- 
thetic nervous system in blood pressure control has been out- 
lined. The effect of renal sympathetic denervation on blood 
pressure in an animal model has been described and it has 
been demonstrated that renal denervation in humans causes 
what it intends to, a reduction in overall sympathetic tone (as 
demonstrated by norepinephrine spillover and muscle sym- 
pathetic nerve activity). Finally, human data on renal dener- 
vation has been summarized. In line with physiological 
plausibility, the promising early results of radiofrequency 
renal denervation have led to a surge in interest in the sympa- 
thetic nervous system and renal denervation coupled with 
significant investment in new technology design. Importantly, 
at the time of this writing, it has been announced that the 
Symplicity-3 trial did not meet the predefined primary end- 
point. Specifics regarding the outcome of the trial are not 
available, yet. 

Though initial technology has a proven and longer stand- 
ing track record, it has theoretical and practical shortcom- 
ings: the potential for renal artery injury beyond that of the 
adventitia and renal sympathetic nerves, unreliability in 
achieving circumferential denervation and procedural time 
investment and pain. 

These shortcomings have prompted modifications in 
current catheter design, invention of new catheters and 
exploration of entirely new concepts (Table 6.1). The orig- 
inal Symplicity™ renal denervation system (Medtronic, 
Minneapolis, MN, USA) has been redesigned by the man- 
ufacturer into a spiral catheter (Spyral) with multiple elec- 
trodes that can be delivered over the wire into the renal 
artery (discussed in Chap. 7). This design has undergone a 
first-in-man study (the 1-month results of which were 
presented at 2013 Transcatheter Therapeutics [TCT]). 
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A number of companies have explored the use of catheters 
using multiple electrodes to facilitate radiofrequency 
energy delivery in a more reliable fashion and to signifi- 
cantly shorten the procedure duration. Cordis (Bridgewater, 
NJ, USA) has designed a spiral catheter (Thermocool) 
similar to the new generation Medtronic catheter with irri- 
gated multiple electrodes (discussed in Chap. 20). It has 
undergone extensive animal testing with human trials 
planned. A multi-electrode catheter (EnlighTEN) with 
electrodes arranged in a basket-like fashion has been 
designed by St. Jude Medical (St. Paul, MN, USA) and 
human studies have been completed (discussed in Chap. 
8). In addition, Covidien (Dublin, Ireland) has designed a 
balloon-tipped catheter (Covidien One-Shot™) that har- 
bors multiple electrodes on its surface that appose to the 
renal artery wall upon inflation and allows irrigation dur- 
ing the procedure (discussed in Chap. 12). Human data 
have recently been shown. Similarly, the Vessix™ Renal 
Denervation System (Boston Scientific, Natick, MA, USA) 
is a balloon tipped non-irrigated multi-electrode catheter 
(discussed in Chap. 19) that has been tested in human trials 
with data presented at international meetings. In addition, 
to radiofrequency application, the use of ultrasound energy 
has been explored. In this context, the Paradise catheter 
from Recor is a balloon-tipped catheter with an ultrasound 
transducer positioned in its center that emits ultrasound 
energy to the renal artery wall in a circumferential manner 
while cooling is provided by balloon irrigation (discussed 
in Chap. 9). Other ultrasound catheters (Sound 
Interventions Inc., Stony Brook, NY, USA and CardioSonic 
Inc., Tel Aviv, Israel) will be discussed in Chaps. 10 and 
11. Finally, radiation exposure to the renal arteries causes 
interruption of the sympathetic fibers. This concept has 
been explored by Best Medical Inc., Springfield, VA. It is 
unquestionable that application of any form of energy, 
radiofrequency, ultrasound or radiation, has the potential 
for collateral damage. The biggest concern related to it is 
the occurrence of renal artery stenosis [1, 2] the incidence 
of which fortunately appears to be low but nevertheless 
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Table 6.1 Selection of renal denervation devices including only those devices that currently have CE-mark 


Delivery 
Energy system 
Basic design application Irrigation profile 
Enlighten? Basket design RF unipolar No 8F guide 
of multiple 
electrodes 
Vessix* Balloon- RF bipolar No 8F sheath 
mounted 
multiple 
electrodes 
Mayaone Balloon- RF unipolar Yes 7TF/8F 
shot* mounted 
multiple 
electrodes 
Medtronic* Steerable tip RF unipolar No 6F 
catheter 
Paradise* Self-centering Ultrasound Yes TF 
ultrasound 
transducer 


Ablation Baseline 6-monthBP Ambulatory 
time per office BP reduction BP reduction 
side (mmHg) (mmHg) (mmHg) Responder rate 
12 min 176/96 26/10 (n=45) notreported 77 % at 

18 months 
30s 182/100 25/10 9/6 (n=67) 85 % at 

(n= 139) 12 months 

120s 182/96 20/8 (n=47) 11/6 (n=37) Not reported 
8-16 min 178/96 32/12 (n=49) 11/7(n=20) 84%at 

6 months 
30s 180/109 29/15 (n=15) 16/9 (n=13) 100% at 

6 months 


*Data presented in this table is based on updates presented at Transcatheter Therapeutics (TCT) in 10/2013 


BP blood pressure 


important considering that renal denervation is treatment 
for a silent disease and that there currently is an absence of 
proof that treatment will improve cardiovascular end- 
points. Efforts to maximize renal sympathetic nerve inter- 
ruption while minimizing renal artery injury include the 
use of bipolar electrodes and catheter or balloon irrigation. 
Theoretically, these measures may reduce the amount of 
injury at the catheter-vessel interface allowing higher 
energy delivery to deeper layers including the adventitia 
harboring the renal sympathetic fibers. Indeed, in a num- 
ber of small clinical trials outlined in the respective device 
chapters, it appears that the magnitude of blood pressure 
reduction is comparable to that reported in the initial 
Symplicity trials. However, definitive statements regarding 
efficacy can only be made by direct comparison between 
devices. In an effort to avoid renal artery injury by energy 
delivery, the concept of chemical neurolysis has theoreti- 
cal merit (discussed in Chaps. 15, 16, and 18). By this 
technique, injection of a neurotoxic agent via micronee- 
dles avoids vessel wall injury with subsequent fibrosis. 
Moreover, with this approach, pain generation may be lim- 
ited as the pain fibers have been described mainly in the 


media of the renal arteries rather than the adventitia [3]. 
Data using this concept in a limited number of patients 
have recently been shown (TCT 2013) with promising 
results. Finally, renal denervation using external applica- 
tion of ultrasound energy (discussed in Chap. 13) has been 
studied in a small number of humans. It avoids the poten- 
tial for vascular access complications. 

It remains to be determined if aforementioned theoretical 
advantages translate into equivalent or better efficacy and 
safety. The following chapters will, in a more detailed fash- 
ion outline devices that are either already in clinical use or on 
the horizon of human studies. 
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Key Points 


The Medtronic Ardian renal denervation catheter 
systems, the Arch™ and Flex™ catheters (Table 7.1), 
were the first percutaneous monopolar single-elec- 
trode radiofrequency devices to establish safety and 
proof-of-concept in the treatment of patients with 
severe treatment resistant hypertension. 

The use of the Medtronic Ardian Symplicity cathe- 
ter systems in the proof-of-concept Symplicity 
HTN-1 and the randomized, crossover Symplicity 
HTN-2 trials were associated with low rates of 
device related complications. 

The renal denervation procedure time averages 
66.1423 min (time from initial femoral access to 
catheter withdrawal). An average four ablations per 
artery are typically performed (range 1—6); intrave- 
nous narcotics and sedatives were used to manage 
pain during the delivery of RF energy. 

Results from the extended 3-year follow-up of the 
Symplicity HTN-1 trial established the Arch™ and 
Flex™ Catheters as safe and effective in providing 
a significant and durable BP reduction in patients 
with treatment resistant hypertension. 

Rapid iteration of the Medtronic Ardian Spyral™ 
Catheter, a multi-monopolar electrode, over-the- 
wire catheter, allows for simultaneous electrode 
activation that reduces renal denervation treatment 
times and enables easier treatment of challenging 
renal artery anatomies. 


Radiofrequency Ablation 


Huang et al. first introduced radiofrequency (RF) catheter 
ablation for the disruption of the atrio-ventricular junction in 
1987 [1]. Since that time, RF catheter ablation has become 
one of the most useful and widely accepted therapies in car- 
diac electrophysiology; modifications of RF energy delivery 
and improvements in the electrode design have resulted in 
significant expansion of its cardiac indication. More recently, 
RF technology has been used for the percutaneous sympa- 
thetic denervation of human renal arteries in the treatment of 
severe drug resistant hypertension [2-5]. 

RF energy is a form of alternating electrical current that 
produces a lesion by two distinct physical mechanisms: (1) 
direct resistive heating of the tissue in contact with the catheter 
electrode and (2) thermal conduction or passive heat transfer 
to deeper tissue layers. Resistive heating in regions close to the 
RF current source is rapid while passive heat transfer into 
deeper tissue layers is a slower process [6]. The transfer of 
heat continues after the discontinuation of RF current delivery 
and results in the lesion expansion. While RF electrical current 
can be delivered by a bipolar mode (i.e., between two closely 
placed electrodes), the more frequent use is via a monopolar 
mode with completion of the electrical circuit via the second 
electrode placed on the patient’s skin at a distant location (typ- 
ically the back or thigh). In the case of renal denervation, RF 
current is delivered to specific sites along the renal artery inti- 
mal surface through percutaneous arterial approach. 


Radiofrequency Lesion Formation 


The effects of RF energy on vascular tissue depends on sev- 
eral factors which include power (wattage), duration of its 
application, temperature, electrode size, quality of the elec- 
trode/tissue contact (impedance), the histological character- 
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istics of the tissue and the blood flow over the electrode/ 
tissue interface which determines the degree of heat dissipa- 
tion [7, 8]. The RF electrode surface temperature is impacted 
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Table 7.1 Medtronic Ardian renal denervation devices (2007-2014) 


Catheter name Electrode size Ablation time 
Arch™ and $$$; 
Flex™ and $$$; 


Spyral™ and $$$; 


Single (2 mm) 2 min/site 


Single (2 mm) 2 min/site 


Multi-electrode (4.2 mm) 


by the blood flow over the electrode and the temperature of 
the heated tissue decreases in a hyperbolic manner as the dis- 
tance from the RF electrode increases, both of which are 
important factors in the use of the monopolar electrodes in 
renal denervation [9]. At temperatures above 100 °C, irre- 
versible damage occurs to tissues surrounding the electrode 
[10]. This results in plasma protein degeneration and coagu- 
lation of blood elements resulting in charring or coagulum 
formation, which are typically noted in cardiac ablation. An 
important sign indicating charring or coagulant formation is 
the sudden rise in impedance rather than the gradual decrease 
that typically accompanies successful RF delivery. 


Impedance, Power and Duration 
of RF Application 


Measuring baseline impedance is used to assess the effec- 
tiveness of the contact between the RF electrode and tissue 
surface. As the tissue is heated, there is a temperature depen- 
dent drop in electrical impedance [9]. A positive correlation 
between the pre-ablation impedance and heating efficacy 
and a similar association between the decline in impedance 
during energy delivery and heating efficacy has been estab- 
lished [11]. Therefore, monitoring tissue surface temperature 
is essential and provides useful information as to the quality 
of the electrode/tissue interface [12]. Although temperature 
rise is greater and faster with properly engaged electrodes, a 
gradual increase in temperature as opposed to an abrupt rise 
may provide for a more homogeneous RF lesion [9]. 

The duration of steady state RF energy delivery is also an 
important variable and typically ranges from between 30 and 
45 s in clinical practice. The optimal duration of RF energy 
application to effect optimal renal denervation remains a topic 
of debate as it reflects the extent of axonal ablation and the 
potential clinical effectiveness (i.e., blood pressure reduction) 
of the procedure and currently ranges from 30 to 120 s. 
However, the duration of energy application and electrode 
temperature must be balanced against the potential for renal 
intimal damage and subsequent renal artery lesion formation 
[13]. The degree of successfully ablated tissue is also propor- 
tional to the applied power of the RF source. In general, energy 
delivery is regulated by temperature control determined by 
default target temperatures with adjustment of energy to 
maintain a specific temperature. The algorithm associating 


Simultaneous firing 50 s/treatment 
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Guiding catheter 


Catheter configuration F size compatible 


Non-steerable 8F 
Non wire-based steerable 6F 
Over-the-wire 6F 


power, temperature, impedance and duration of energy expo- 
sure are all specific to individual monopolar renal denervation 
devices. The Medtronic Ardian renal denervation system uses 
a non-balloon, non-occlusive design with the initial Arch™ 
catheter uses a platinum electrode tip, providing adequate 
renal intimal contact to ensure transfer of adequate energy and 
impedance. The denervation procedure is performed using 
non-overlapping ablations spaced in a helical pattern to mini- 
mize intimal damage (4—6 ablations/renal artery) with the 
application of 5-8 W per ablation site while the generator 
algorithm monitors temperature and impedance and adjusts 
power to prevent tissue over-heating and potential intimal 
damage. If the surface temperature exceeds the pre-specified 
value, the power is terminated; likewise, if the temperature is 
too low, the system generates an “error code” telling the opera- 
tor that the surface contact in likely insufficient. 

Electrode size influences the volume of the ablation lesion 
and may also impact the clinical effectiveness of ablation. In 
general, larger electrodes result in larger lesions, which may 
produce greater ablative efficacy [13, 14]. However, in the 
case of renal denervation, the ideal relationship between 
lesion size, treatment efficacy and safety is yet to be fully 
understood and reported. 

The blood supply and proximity to major blood vessels 
determines the degree of heat dissipation (i.e., the “heat sink”) 
and represents another important factor that influences opti- 
mal ablative lesion formation. Convective heat dissipation 
through blood flow occurs at the tissue level and at the elec- 
trode tip [14]. At the tissue level, convective heat dissipation 
removes heat from the tissue limiting the penetration depth of 
the RF current. In the case of renal denervation, an appropri- 
ately sized renal artery and adequate renal artery blood flow 
is essential in delivering the appropriate amount of energy to 
affect renal denervation. In the case of accessory renal arter- 
ies and patients with end-stage renal disease (ESRD) with 
small renal arteries, the reduction in the caliber of the renal 
artery diameter and blood flow is an important factor which 
reduces the effectiveness of the monopolar technology. 

During the application of RF energy for renal denerva- 
tion, duration of energy application and impedance are typi- 
cally the only parameters available for direct observation by 
the operator. Newer iterations of the monitoring systems 
may provide feedback regarding the rate of rise of tempera- 
ture and provide the operator with feedback if an ideal com- 
bination of impedance drop and temperature rise has not 
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been achieved, which in the case of the Medtronic Ardian 
Flex™ Catheter monitor system, an “error 50” may be 
recorded. Beyond this limited procedural feedback, the 
application of RF energy to the renal intima may cause sub- 
stantial visceral pain with the ablation of afferent sympa- 
thetic nerves and type A and C nerve fibers that mediate pain 
via the dorsal root ganglia of the central nervous system. 

Both efferent and afferent nerves are ablated during RF 
denervation; however, the effectiveness of the RF ablative 
lesion relates to the depth and distribution of these nerve 
fibers along the renal artery. In postmortem studies of nine 
renal arteries, over 90 % of the sympathetic nerves were 
located within 2 mm of the renal lumen [15]. The methodol- 
ogy of this study by Atherton et al., has centered on the fixa- 
tion process involved in assessing renal nerves. In these nine 
specimens, nerves were distributed equally around the artery 
but tended to arborize and become more superficial when 
analyzed proximal in the renal artery through its distal seg- 
ment. Thus, the optimal procedure is to perform treatment at 
the proximal through the distal part of the renal artery. 
Additionally, the depth of the ablative RF energy and the 
resultant death of renal sympathetic nerves and its potential 
influence on subsequent near and long-term blood pressure 
effect has been a point of speculation [16, 17]. 

In another assessment of renal denervation, Steigerwald 
performed renal artery ablation in seven pigs [18]. These 
pigs were followed up by repeat angiography, optical coher- 
ence tomography (OCT) and complete histological examina- 
tion of both kidneys. This evaluation demonstrated that renal 
denervation leads to loss of renal artery endothelium but this 
is almost completely reversed by 10 days without having det- 
rimental effect on renal parameters (renal function). The 
ablated segments of the renal artery demonstrate transmural 
tissue coagulation; ablation caused an immediate reduction 
in the number of autonomic nerve fascicles in the adventitia 
of these arteries and declined further through 10 days. OCT 
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of the artery performed immediately pre- and post- ablation 
revealed evidence of thrombus. Similar observations have 
been noted in human renal arteries treated with another RF 
monopolar catheter [19]. This has prompted a European 
expert panel to suggest the potential use of antiplatelet ther- 
apy during the procedure and for 4 weeks follow-up [20]. 

Finally, the potential negative impact on the effectiveness 
of the RF ablation by unapparent atherosclerosis and/or ves- 
sel wall calcification has caused some controversy with 
regards to the relevance of RF parameters drawn from nor- 
mal renal arteries in pigs. Nevertheless, the appropriate bal- 
ance of RF energy induced tissue temperature, duration of 
applied power and the resulting lesion depth may influence 
the subsequent blood pressure response; however, this is bal- 
anced by potential safety concerns of RF induced renal inti- 
mal lesions. 


The Medtronic Ardian Renal Denervation 
Catheters 


The first generation Ardian renal denervation catheter, the 
Arch™ catheter (Fig. 7.1), had a uni-electrode configuration 
that required a point-by-point application of RF energy to the 
renal artery wall by the operator. This allowed for greater 
operator flexibility as to the number and location of applied 
ablations (minimum 4-6 ablation sites per renal artery) and 
allowed the operator to avoid sites of obvious fluoroscopi- 
cally evident calcium and/or atheroma. It is not recom- 
mended that a complete circumferential ablation be 
performed in a single plane due to the potential risk of induc- 
ing a renal artery stenosis. The second generation Flex™ 
catheter (Fig. 7.2) is also uni-electrode, but with a smaller 
shaft size and markedly improved flexibility, providing 
greater catheter maneuverability, which is particularly help- 
ful in complex or tortuous renal anatomies. 


We Electrode 


Fig.7.1 The first generation 
Symplicity Arch™ was 
constructed of a platinum 
uni-electrode tip on a insulated 
nitinol wire, compatible with an 
8F guide catheter. Careful 
retraction and rotation of the 
entire catheter was required to 
obtain the optimal spiral ablation 
pattern 


ye Insulated arch wire 
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Fig. 7.2 (a) The second generation Symplicity Flex™ Renal 
Denervation Catheter is constructed of a uni-electrode, 6F guiding cath- 
eter compatible catheter with a self-orienting, flexible tip. The catheter 
is constructed of a 12 mm deflectable terminal distal end. (b) Upper 
panel, left and right demonstrates deflection of the electrode tip by 
either pulling (deflection) or pushing (straightening) the electrode lever. 
Lower panel: The Symplicity Flex™ catheter shaft and electrode can 
rotate independent of the handle body; the handle rotator has a tactile 
“click” every 45°; the dot on the rotator provides the relative rotational 
reference. (c) Upper panels, right and left, demonstrate appropriate 
electrode/intima wall contact seen under fluoroscopy. Impedance 


feedback provided by the control console should also be used to assess 
optimal electrode/intima contact. The lower panel demonstrate exces- 
sive wall contact, shown distending the vessel wall with the electrode. 
(d) Repositioning for retreatment: In repositioning the Flex™ electrode 
for the next treatment, the entire catheter is retracted proximally; if 
needed, the catheter tip is straightened using the handle lever. The elec- 
trode is then deflected to make contact with the vessel wall, using visual 
and impedance feedback. The electrode may be rotated to the to obtain 
the optimal spiral ablation configuration. A distant between ablation 
sites >5 mm (approximately 3 electrode lengths) is optimal; the sec- 
ondary shaft marker may assist in identifying 5 mm spacing 
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Fig.7.2 (continued) 


The third generation Spyral™ catheter (Fig. 7.3) is a 
multi-electrode configuration in a spiral, over-the-wire 
design. The theoretical advantages of the Spyral™ are its 
associated reduced procedural time due to simultaneous fir- 
ing of all four electrodes and the resulting less patient pain, 
reduced contrast use and radiation exposure. Each electrode, 
the length of an angioplasty balloon radiopaque marker 
band, is able to provide specific information regarding 
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temperature and impedance and may be turned on or off 
independently by the operator. The Spyral™ design includes 
an atraumatic tip and is able to treat vessels diameters from 3 
to 8 mm, with the four radiopaque electrodes able to ablate 
simultaneously in each vessel quadrant, applying sufficient 
radial force to the renal intima to maximize impedance. The 
wire-based design is a important safety iteration, allowing 
the operator to address both routine and complex renal artery 
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Fig. 7.3 The third generation Symplicity Spyral™ Renal 
Denervation Catheter is four electrode monopolar 6F compatible 
catheter constructed of an elastomeric shaft and radiopaque tip (left 
panel). The catheter shaft is straightened by the introduction of a 
0.014” guidewire which is used to insert the Spyral™ catheter into 


anatomies. After passage of the 0.014” wire and advancing 
of the Spyral™, the wire is slowly withdrawn allowing the 
Spyral™ to assume its designed shape. Applying gentle for- 
ward pressure on the Spyral™ as the wire is withdrawn 
allows the catheter to assume a more compressed configura- 
tion and thereby treat shorter main renal arteries. The safety 
and clinical effectiveness associated with the use of the 
multi-electrode Spyral™ catheter awaits the results of an 
on-going prospective European and Australian registry. 


Device Related Complications 


The application of monopolar RF energy to the renal intima 
with the Medtronic Ardian renal denervation devices is fre- 
quently associated with intense visceral pain during the 
2-minute ablation period. Therefore, it is mandatory to pro- 
vide the patients with adequate intravenous analgesics 
administered throughout the procedure in order to avoid 
excessive patient movement that may negatively affect elec- 
trode/intimal contact and result in a suboptimal ablations. In 
the Symplicity HTN-2 trial, atropine was required, however, 
this frequently resulted in bradycardia during the procedure 
and its use was subsequently abandoned. Among 50 patients 
in the Symplicity HTN-1 and Symplicity HTN-2 trials, only 
one case of renal artery dissection associated with the use of 
the Arch™ catheter and one case of common femoral artery 
pseudoaneurysm were reported [2, 3]. 
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the renal artery. Careful traction or forward pressure on the 
Sypral™ while removing the guidewire allows for optimal elec- 
trode positioning (lower right panel). Each of the four electrodes 
can be operated independently and provides the operator with 
impedance readings 


In the Symplicity HTN-2 trial one of the 52 patients who 
underwent the initial procedure, overall procedures were 
appropriately low. One patient experienced arterial pseudoa- 
neurysm and one patient experienced arterial hypotension 
requiring the reduction of blood pressure medications. 
Additionally, one device unrelated case of urinary tract 
infection and post-procedure parenthesis and lumbar pain 
1-month post procedure were reported. In this randomized 
crossover trial design, among the 35 patients who were 
crossed over there was | renal artery dissection following 
guide catheter insertion during angiography that was stented 
without further complications. One hospitalization due to 
post renal denervation hypotension necessitating intravenous 
fluids likewise occurred. In this case, the antihypertensive 
medications were reduced and the patient subsequently dis- 
charged home without further sequelae. Three hypertensive 
events requiring hospitalization occurred in two patients. 

Six-month anatomic follow-up of renal arteries of 43 
patients enrolled in the Symplicity-HTN 2 trial and 81 
patients included in the open label sub-study using computer 
tomographic angiography (CTA) revealed no evidence of 
vascular lesions. There was one case of a moderate renal 
artery stenosis that was avoided during the application of RF 
energy that was felt to progress to a significant renal artery 
stenosis during the 6-month follow-up. This patient pre- 
sented with accelerating hypertension and renal artery duplex 
ultrasonography demonstrated a severe renal artery stenosis, 
which was subsequently stented and the patient improved. 
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In the Symplicity HTN-2 trial, renal function (glomerular 
infiltration rate, GFR) of 49 patients with a baseline value 
greater than 45 mm per minute/1.73 m? remained stable 
through 6 months after the denervation procedure. 
Subsequent trials have noted similar maintenance of 
GFR. Additionally, in patients who undergo renal denerva- 
tion with established Chronic Kidney Disease Stage 3—4 and 
a mean GFR of 31 ml/1.73 m2 showed no worsening of their 
renal function through 6-month follow-up [21]. No long- 
term data in CKD patients beyond this time point are cur- 
rently available. 

There have been no deaths reported in the Symplicity 
HTN-1 and 2 cohorts. Two deaths were reported in the study 
cohort who reached 24 months (one due to myocardial 
infarction and sudden cardiac death) and were not attributed 
to denervation procedure. Therefore, overall, early adverse 
events were reported in <4 % of patients enrolled in these 
studies. 


The Future 


Numerous medical device companies have recently intro- 
duced new renal denervation technologies into proof-of- 
concept clinical trials. These technologies involve various 
iterations of RF energy technology (i.e., multi-electrode 
monopolar and bipolar RF), focused and non-focused high- 
frequency ultrasound, beta-radiation and the use of a variety 
of neurotoxins injected directly into the renal intima to reach 
the adventitia. This technology explosion may potentially 
broaden the regulatory indications for renal denervation to 
include diabetes and metabolic syndromes, chronic renal 
failure, heart failure, cardiac arrhythmias and obstructive 
sleep apnea. Indeed, hypertension specialists and interven- 
tionalists will likely be faced with a multitude of trial data 
including hypothesis generating large, prospective registries 
of variable quality and follow-up, large shammed, random- 
ized controlled trial and first-in-man trial data exploring 
novel catheter designs to improve ease of use, procedural 
time, patient comfort and reduce cost. Nonetheless, device 
acceptance will likely be driven by the quality of indepen- 
dently adjudicated safety and effectiveness data. In this 
regard, the large, randomized, sham controlled pivotal 
Symplicity-HTN 3 trial will establish a high bar regarding 
the quality data required to drive regulatory approval, reim- 
bursement and physician and patient acceptance. 
Nonetheless, additional clinical investigative work is 
required to better identify the hypertensive patient most 
likely to obtain a clinically relevant response to renal dener- 
vation. The potential to transform an interventional proce- 
dure (monopolar RF renal denervation) into one that provides 
the operator with more targeted feedback for the application 
of RF energy in order to assure a complete anatomic dener- 
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vation would be an important step forward. Given the con- 
cerns of the variable “non-responder” rates, which have been 
reported as high as 38 % [3], it would be important to know 
whether a successful “on-the-table” anatomic denervation 
has been performed so that any subsequent suboptimal blood 
pressure response to this successful anatomic denervation 
would reflect the simple disassociation between the influ- 
ence of renal sympathetic nerves and treatment resistant 
hypertension. Indeed, early observational data would sug- 
gest that not all patients respond with a substantial drop in 
blood pressure despite an observed regression in left ven- 
tricular hypertrophy and a decrease in heart rate response to 
exercise [22] which are considered surrogates for successful 
renal denervation. This has important clinical implications as 
evolving experience in the treatment of patients who fail to 
adequately respond after RF denervation may be subjected to 
repeat renal denervation procedures, either with RF or other 
energy sources (i.e., ultrasound). Importantly, case reports 
have documented that vessel retreatment has been associated 
with the development of renal artery lesions [23], irrespec- 
tive of an improvement in BP control. As such, exploring 
potential biomarkers to assist in identifying appropriate 
patients in which renal denervation may not substantially 
impact blood pressure control is important. This would allow 
the consideration of evolving sympathetic modulators, 
which are currently being evaluated in pre-clinical trials, 
specifically iliac arterio-venous artery-venous anastomosis 
formation (Coupler™, ROX Medical. San Clemente, CA), 
carotid sinus stent implantation for carotid sinus stimulation 
(Mobius HD™, Vascular Dynamics, Inc. Mountain View, 
CA) or carotid baroreceptor stimulation via an implantable 
single lead patch electrode and generator (BaroStim™ 
neo™, CVRx, Minneapolis, MN). Indeed, patients who fail 
renal denervation may, in the future, be appropriate patients 
for more invasive therapies in an attempt to reduce cardio- 
vascular risks. 
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Costas Tsioufis, Michael Doumas, Charles Faselis, 
and Vasilios Papademetriou 


Introduction 


The role of the sympathetic nervous system (SNS) in the 
pathophysiology of hypertension and cardiovascular disease 
has long been recognized, and efforts to inhibit sympathetic 
overactivity date several decades back. The SNS was first 
depicted during the seventeenth century by Willis, who pro- 
vided in 1664 the anatomy of sympathetic nerves from the 
brain to the periphery [1]. The detailed anatomy of sympa- 
thetic fibers was described in the twentieth century, mainly 
due to the work of Barahas and others [2-5]. The identifica- 
tion of the functional role of SNS in animal and human phys- 
iology and pathophysiology was a very difficult and time 
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consuming task. Pourfois de Petit, Stelling, Brown-Sequard, 
Waller, and Bernard during the eighteenth and nineteenth 
century described the vasomodulating effects of sympathetic 
fibers [6, 7] and von Euler won the Nobel prize for the dis- 
covery of noradrenaline as sympathetic neurotransmitter in 
1946 [8]. The seminal role of the SNS in hypertension was 
highlighted by the development of ganglionic blockers in the 
1950s, the first effective antihypertensive drugs through 
sympathetic blockade [9]. 

Bradford described the role of renal sympathetic fibers as 
early as 1889 through meticulous animal research [10]. 
Recent work by DiBona, Esler, Victor, Campese, Zanchetti, 
Mancia and others provided significant information about 
the functional role of renal sympathetic innervation in health 
and disease, unveiling a reciprocal association of the brain 
and the kidneys [11-14]. Renal efferent sympathetic nerves 
course from the brain through the spinal cord and arrive at 
the kidneys, innervating the renal cortex, the juxtaglomerular 
apparatus and glomerular arterioles. Efferent sympathetic 
stimulation results in enhanced renin release, increased 
sodium and water reabsorption, as well as reduced renal 
blood flow and glomerular filtration rate [15]. Renal afferent 
sympathetic nerves respond to renal injury and transmit sig- 
nals from the kidneys to the brain, which stimulate sympa- 
thetic activity [16]. This reciprocal association of central and 
peripheral sympathetic activity is implicated in the patho- 
genesis of hypertension and several other disease conditions, 
including chronic kidney disease, congestive heart failure, 


obstructive sleep apnea, polycystic ovary syndrome, 
sympathetically-driven tachyarrhythmias, and cirrhosis 
[17-20]. 


The inhibition of renal sympathetic activity was achieved 
through surgical sympathectomy, an extensive operation that 
became popular during the first half of the twentieth century. 
Surgical sympathectomy for the management of malignant 
hypertension, a devastating and lethal condition, was first per- 
formed by Adson in 1925 [21]. Bilateral renal sympathetic 
denervation was first performed by Papin and Ambard in 
1924 for the management of renal pain [22], and by Page in 
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1934 for the management of malignant hypertension in a 
young girl with severe hypertension and target organ damage 
[23]. However, the results were not very satisfactory and a 
wider surgical disruption of splanchnic sympathetic nerves 
(splanchnicectomy) dominated. From the 1930s until the 
1950s splanchnicectomy was performed in several special- 
ized centers all over the States and became the treatment of 
choice for the management of malignant hypertension unre- 
sponsive to conservative therapy [24-29]. The operation was 
found to be effective and even life saving in many patients; 
however it was associated with substantial operative risk and 
was poorly tolerated with significant adverse events severely 
impairing patients’ quality of life. With the advent of effec- 
tive and well-tolerated oral anti-hypertensive drugs in the mid 
1950s the prevalence of malignant hypertension was substan- 
tially reduced and splanchnicectomy was abandoned [30]. 

The concept of interventional management of hyperten- 
sion was revived recently due to a combination of two fac- 
tors: (a) the need of an effective management of patients with 
resistant hypertension, and (b) the technological advent 
which enabled a transvascular, minimally-invasive approach 
for renal nerve disruption. Resistant hypertension is defined 
as the failure to achieve blood pressure goals despite the use 
of at least three antihypertensive drugs, one of which is a 
diuretic [31, 32]. The exact prevalence of resistant hyperten- 
sion remains uncertain; however, recent data indicates that 
approximately 12 % of hypertensive patients are resistant to 
treatment [33, 34]. This translates to an estimated number of 
about 120 million patients worldwide suffering from resis- 
tant hypertension. Sympathetic fibers follow the renal arter- 
ies and the majority lie within 2-3 mm from the inner layer 
of the renal artery [35]. Therefore, sympathetic fibers can be 
easily reached and interrupted transvascularly using various 
forms of energy, such as thermal radiofrequency (RF) abla- 
tion, cryoablation, and ultrasound ablation. Several devices 
have been developed for renal nerve ablation and so far six 
devices received European approval, five of them using 
radiofrequency energy and one using ultrasound technology. 
The Symplicity (Ardian/Metronic) was the first device tested 
in humans and used a single-tip electrode for energy deliv- 
ery. The EnligHTN (St. Jude’s) is a multi-electrode ablation 
system with four electrodes mounted on a basket for an easy 
and predictable circumferential energy delivery. The Vessix 
V2 system (Vessix Vascular-Boston Scientific) and the 
OneShot system (Covidien) have the electrodes mounted on 
a balloon. The Iberis system (Terumo) has a 4 French shaft, 
which is appropriate for radial access. The Paradise system 
(ReCor Medical) uses ultrasound technology as an energy 
source. 

In this chapter we will describe the St Jude device, we 
will present the experimental and human experience with 
this device, we will critically address the advantages and 
disadvantages of renal nerve ablation, and finally we will 
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provide future perspectives of this innovative interven- 
tional technique for the management of resistant hyperten- 
sion and other conditions characterized by sympathetic 
overactivity. 


The St Jude Experience 
EnligHTN Renal Denervation System 


The EnligHTN Ablation System consists of a generator and 
an ablation catheter. The St Jude Medical EnligHTN™ renal 
denervation system (Fig. 8.la) consists of the EnligHTN 
Ablation Catheter and the EnligHTN Generator (Model 
1500 T11.5 with Software 3.011). The EnligHTN Ablation 
Catheter (St Jude Medical, St Paul, MN, USA) has an 
expandable basket with four Platinum—Iridium (Pt-Ir) elec- 
trodes that can deliver low-level RF energy to the renal 
arterial wall. The expandable feature of the basket and the 
deflectable distal catheter section allow good apposition 
between the ablation electrodes and the target ablation sites 
in the renal artery. Each electrode has a temperature sensor 
to monitor the temperature at the ablation site. The Ablation 
Generator delivers RF energy to the EnligHTN Renal 
Artery Ablation Catheter using a proprietary algorithm. 
Each electrode on the ablation catheter has a corresponding 
display channel on the generator. The generator channels 
facilitate control and monitoring of the ablation process. It 
consists of four independent channels, which simultane- 
ously monitor the temperature of each of the four ablation 
electrodes and adjusts the magnitude of the RF output 
based on a proprietary algorhythm. The target temperature 
on the first generation device was 75 °C. The generator has 
built-in safety features, which include a self-test at power- 
up and automatic RF power shut-off if the measured tissue 
impedance was <50Q or exceeds 400 or the temperature 
exceeds the setting by >5 °C for >3 s or exceeds 80 °C. The 
EnligHTN™ Ablation Catheter was available in two sizes 
for use in the study. The small size basket was designed 
for renal artery diameters between 4 and 5.5 mm, and the 
large size basket size for renal artery diameters between 
5.5 and 8 mm. 

The second generation generator is slimmer and has 
updated futures (Fig. 8.1b). It can be operated via a touch 
screen and features allow simultaneous activation of all elec- 
trodes. The new algorithm aims at a target temperature of 
70 °C and burning time of 60 s, thus substantially shortening 
procedure time. A new ablation catheter that is 6F is in 
preparation. 

The first generation ablation system was used in the early 
animal studies and EnligHTN I study. The second generation 
system is being used in EnligHTN III and EnligHTN IV 
studies. 
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Procedure 


The first generation ablation system is utilizing an 8F guide 
catheter which is advanced and engages each renal artery 
sequentially. Renal angiography is performed to confirm 
renal artery anatomy. An appropriate basket size is chosen 
based on the renal artery diameter (small basket 4.0- 
5.5 mm diameter/large basket 5.5-8.0 mm diameter). The 
ablation procedure is being standardized as follows: The 
ablation catheter is introduced to the renal artery and 
advanced so the tip is situated before the first major renal 
artery branch. The basket is then expanded, and after assur- 
ing good contact with the arterial wall, each electrode is 


activated sequentially for 90 s (the second generation sys- 
tem will be using simultaneous activation of all four elec- 
trodes, aiming at 70 °C and burning time of 60 s). The 
basket is then collapsed, pulled back, turned and re- 
expanded to repeat the ablation procedure. A total of 4-8 
discrete ablation lesions are delivered. The ablation cathe- 
ter is then withdrawn and a renal angiogram is repeated to 
assess safety. The same procedure is repeated in the contra- 
lateral renal artery. Heparin is given during the procedure 
(3,000-7,000 U) as per protocol, to avoid clot formation. 
Visceral pain occurring during the ablation procedure is 
managed with intravenous analgesics, sedatives and/or 
narcotics. 
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Animal Data 


The early animal experiments were carried out in miniature 
swine (Fig. 8.2) and the objective was primarily the feasibil- 
ity and safety of the procedure. The early results showed that 


Fig.8.2 Swine animal model for renal denervation 
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it was feasible to place radiofrequency ablation lesions trans- 
vascularly through the arterial wall and ablate the fibers 
coursing through the adventitia of the renal artery. The lesions 
were transmural and reached up to 3 mm from the endothe- 
lium of the artery. It was also shown that the procedure was 
safe, there was no aneurysm formation or perforation. One 
month after the procedure it was shown that the lesions would 
heal with no residual findings. Acutely however, it was found 
that a clot could be formed at the ablation site, but it could be 
prevented using heparin and aspirin. The ablation catheter 
allowed placement of the electrodes in a pre-determined man- 
ner and geometric distribution that would ensure circumfer- 
ential interruption of the sympathetic fibers (Fig. 8.3). 

The first animal study was designed to further assess fea- 
sibility and safety, but also to evaluate the effects of renal 
denervation on renal hemodynamics [36]. In this study we 
investigated the acute and chronic effects of catheter-based 
renal nerve ablation on renal hemodynamics assessed by 
average peak velocity (APV), renal blood flow (RBF), renal 
flow reserve (RFR) and resistive index (RI). The aims of this 
study were based on the premise that sympathetic overdrive 
is accompanied by impaired RBF and renal denervation 


Acute lesion formation* 


Fig.8.3 The ablation procedure, acute and chronic ablation lesions of the dissected renal artery 
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would result in improvement in renal blood flow. Experiments 
were performed in nine farm swine. APV was measured by a 
0.014-in. Doppler flow wire placed in the stem of the renal 
artery under baseline and hyperemic conditions, induced by 
intrarenal dopamine (50 pg/kg). RFR was calculated as the 
ratio of hyperemic to basal peak velocity, and RI was esti- 
mated as peak systolic velocity — end-diastolic velocity)/ 
peak systolic velocity. RSD was achieved via the lumen of 
the main renal artery with a specifically designed catheter 
connected to a radiofrequency generator according to pre- 
specified algorithm. APV and RBF increased acutely post 
ablation in all animals, compared to APV and RBF before 
ablation (61.44+32.6 versus 20.44+6.38 cm/s, p<0.001; 
and 407.4+335.1 versus 161.1+76.6 ml/min, p=0.003; 
respectively), whereas RFR and RI were reduced (1.51 +0.59 
versus 2.85+1.33, p<0.001; and 0.67+0.07 versus 
0.74+0.07, p=0.005; respectively). One month post ablation 
APV and RBF compared to APV and RBF before ablation 
remained significantly higher whereas RFR and RI remained 
lower as compared to baseline. From these experiments we 
concluded that catheter-based renal nerve ablation exerts 
acute and chronic effects on renal hemodynamics in a large 
animal model. 


Human Data 


EnligHTN I Study 

EnligHTN I was the first in human study, using the multi- 
electrode SD Jude EnligHTN ablation system [37]. The 
study was designed to assess the safety and efficacy of the 
procedure. The primary efficacy objective was reduction of 
office blood pressure from baseline to 6 months. Blood pres- 
sure was measured at baseline, pre-discharge, 1-, 3-, and 
6-month post-procedure. Additional efficacy data collection 
included changes in anti-hypertensive medication, home BP 
monitoring, and 24-h ambulatory BP. The primary safety 
objective was the rate of AEs. Other data collection included 
blood analysis: complete blood count, basic metabolic pro- 
file, serum creatinine concentration, eGFR using the modi- 
fied diet in renal disease (MDRD) formula and serum cystatin 
C, urine analysis (albumin-to-creatinine ratio), 12-lead ECG, 
and renal artery evaluation (using duplex ultrasonography 
and/or CT scan). 

The study enrolment was conducted from October 2011 
to March 2012. A total of 62 patients were consented for 
enrolment. Sixteen patients were excluded during the screen- 
ing process. One of the 16 patients was excluded from the 
study due to multiple renal arteries found on the screening 
renal angiogram. In total, 46 patients completed baseline 
evaluation and underwent the renal denervation procedure. 
Forty four of the 46 patients (96 %) met all the inclusion and 
no exclusion criteria. The baseline characteristics of study 
participants are depicted in Table 8.1. 


Table 8.1 Baseline characteristics 


n=46* 
Gender (female) 15 (33 %) 
Ethnic origin (white) 45 (98 %) 
Body mass index (kg/m?) 32 (5) 
Coronary artery disease 9 (20 %) 
Hyperlipidemia 27 (59 %) 
Type II diabetes mellitus 15 (33 %) 
Sleep apnea 14 (30 %) 
eGFR (mL/min/1.73 m°) 87 (19) 
Serum creatinine (mol/L) 78 (17) 
Cystatin C (mg/L) 1.14 (0.29) 
Number of anti-hypertensive medications 4 (0.6) 
Office systolic blood pressure (mmHg) 176 (16) 
Office diastolic blood pressure (mmHg) 96 (14) 


Heart rate (bpm) 71 (12) 


The procedure was generally performed with conscious 
sedation at the operators’ discretion. This was not mandated 
in the protocol. It included, but was not limited to the com- 
bination of intravenous midazolam and fentanyl, titrated as 
appropriate. Most patients experienced back pain during the 
denervation procedure, which was generally well controlled 
with sedation and analgesia. The median procedure time 
(from initiation to completion of RF energy delivery) was 
34.0 min and the mean (+SD) number of ablations delivered 
was 7.7 (+0.8) for the right and 7.4 (+1.4) for the left renal 
arteries. One patient had the renal denervation procedure 
performed on a single side only due to difficulty engaging 
the other renal artery. The mean fluoroscopic time was 
11.0+7.1 min and the mean contrast volume used was 
139.5+93.2 ml. All the AEs were collected in the study. 

A CEC adjudicated the events for seriousness and related- 
ness to the procedure and device. No serious vascular AEs 
occurred during the procedure, including no renal artery 
damage (i.e. no renal artery dissections, aneurysms, or flow 
limiting renal artery vasospasms) or serious vascular access 
site complications. Minor peri-procedural events which were 
attributed to either the device or procedure were reported and 
include: non-flow limiting vasospasms, vascular access site 
haematomas, hypotension, vasovagal episodes, bradycardia, 
transient haematuria, pain, and nausea. Vasospasm was 
reported as an AE although no specific threshold was estab- 
lished for reporting the event. An independent CEC reviewed 
all vasospasms and determined none were flow limiting 
(>50 % reduction in vessel lumen diameter). All minor peri- 
procedural events were reported to have resolved without 
further clinical sequelae. Serious AEs that were deemed pos- 
sibly related to the procedure and/or device were reported in 
three (6.5 %) patients over 6 months of follow-up. Events 
include hypotension, progression of pre-existing renal artery 
stenosis, and a progression of hypertensive renal disease 
with an increase in serum creatinine. 
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Table 8.2 Renal function 


Baseline n=46 Month | n=46 
eGFR, mL/min/1.73 m? 87 (19) 85 (20) 
Serum creatinine, pmol/L 78 (17) 79 (19) 
Cystatin C, mg/l 1.14(0.29) 1.00 (0.25) 


Renal artery evaluation was conducted on all patients by 
CT imaging at 6 months. No patients developed a new hae- 
modynamically significant renal artery stenosis. Two patients 
with pre-existing renal artery stenosis at baseline experi- 
enced asymptomatic progression of their renal artery steno- 
sis at 6 months. One was adjudicated as serious (>50 % 
occlusion in artery diameter) and one was non serious. 

No patient required clinical intervention at 6 months and 
their renal function parameters (eGFR, serum creatinine, and 
cystatin C values) remained stable. Renal function was eval- 
uated by repeated measurements of eGFR, serum creatinine 
and cystatin C from baseline through 6 months of follow-up 
(Table 8.2). No patient experienced a reduction in eGFR 
>50 %, a twofold increase in serum creatinine, or progressed 
to end-stage renal disease. While the eGFR decreased (base- 
line mean of 87-82 mL/min/1.73 m’ at 6 months, p=0.004) 
and serum creatinine increased (baseline mean of 
78-83 mmol/L at 6 months, p=0.004), the mean cystatin C 
decreased (baseline mean of 1.14—1.00 mg/L at 6 months, 
p=0.00013). To further evaluate changes in renal function, a 
more meaningful assessment of eGFR with a clinically rele- 
vant cut-off of <60 mL/min/1.73 m? was also undertaken. At 
baseline, three patients had an eGFR level of <60 mL/ 
min/1.73 m°. One of these patient’s eGFR remained <60, 
while the other two improved to 60 or greater at 6 months. In 
contrast, two other patients with baseline eGFR values >60 
(63 and 61) experienced an eGFR reduction <60. The urine 
albumin-to-creatinine ratio decreased significantly through- 
out the course of the study, with absolute results at baseline 
169.4 mg/g, 1 month 142.9 mg/g, 3 months 141.2 mg/g, and 
6 months 139.3 mg/g (p=0.007). 

Compared with baseline, office and ambulatory systolic 
blood pressure of the entire cohort significantly decreased at 
all-time points (p<0.0001). The average office blood pres- 
sure (mmHg) at baseline was 176/96 mmHg. The resulting 
average office blood pressure reductions from baseline at 
1 month, 3 months, and 6 months were 22.8/21.0, 22.7/21.0, 
and 22.6/21.0 mmHg. Over the follow-up period, as many as 
80 % of patients had a reduction in office systolic blood pres- 
sure of at least 10 mmHg or greater and up to 41 % had an 
office blood pressure of <140 mmHg. Baseline systolic 
blood pressure was a strong predictor of response (p< 0.0001). 
In addition, the in-office resting heart rate was collected at 
baseline (71 beats/min), 1 month (69 beats/min), 3 months 
(67 beats/min), and 6 months (66 beats/min) and demon- 
strated a decrease over time (P=0.007 at 6 months). The 
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p value Month 3 n=46 p value Month 6 n=45 
0.32 84 (22) 0.21 82 (20) 

0.26 81 (20) 0.19 83 (20) 
<0.0001 0.97 (0.20) <0.0001 1.00 (0.23) 


baseline HR was a predictor of change in office systolic 
blood pressure (r=0.31, p=0.039). In addition, the reduction 
in HR was correlated with reduction in office systolic blood 
pressure (r=0.33, P=0.025). The average 24-h ambulatory 
BP at baseline was 150/83 mmHg. The average 24-h ambula- 
tory blood pressure reduction from baseline to 1 month, 
3 months, and 6 months was 10/5, 10/5, and 10/6 mmHg, 
respectively. The change in average 24-h ambulatory blood 
pressure correlated with both the change in office systolic 
blood pressure (r=0.56, p<0.0001) and office diastolic 
blood pressure (r=0.55, p<0.0001). These reductions in 
office and ambulatory blood pressures were achieved with 
minimal modifications to the cohort’s antihypertensive med- 
ical regimen during the follow-up period. Over the 6-month 
follow-up period, six (13.0 %) patients had a decrease in 
their antihypertensive medications and four (8.7 %) had an 
increase in antihypertensive medications. For patients that 
did not have an increase or decrease in their antihypertensive 
medications the 6-month office BP reduction was similar to 
the entire cohort at 22.5/21.0 mmHg, as well as mean ambu- 
latory blood pressure (ABPM) reductions of 10/5 mmHg. 


Effect of Renal Nerve Ablation on LVH 

and Heart Failure Variables 

The beneficial effects of renal nerve ablation in resistant 
hypertension may extend beyond blood pressure. In a sub- 
study we assessed whether multi-electrode catheter-based 
renal nerve ablation has favorable effects on left ventricular 
structural and functional indices, as well as on neurohor- 
monal activation reflected by N-terminal pro B-type natri- 
uretic peptide (NT pro-BNP). This hypothesis was tested in 
twenty patients with resistant hypertension (age: 57 + 10 years, 
13 males, office blood pressure: 180/96+19/16 mmHg 
receiving 4.4+0.61 drugs) that underwent renal denervation 
and were followed for 6 months. A full transthoracic echocar- 
diographic study was performed in all patients at both base- 
line and follow-up. Left ventricular mass was calculated 
using the Devereux formula and was indexed for body surface 
area and height, while tissue Doppler imaging indices of dia- 
stolic function were measured. Moreover, blood sampling 
was performed in order to estimate metabolic profile and NT 
pro-BNP levels. 

At 6 months following renal nerve ablation, office sys- 
tolic and diastolic blood pressure was significantly reduced 
and the mean interventricular septal thickness and left ven- 
tricular mass index substantially decreased. Left atrial 
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diameter and volume were reduced from and LV function 
improved. Renal nerve ablation resulted in an increase of 
mitral valve E’/A’ ratio and a decrease in the E/E’, whereas 
isovolumic relaxation time was shortened. Furthermore, 
renal denervation resulted in a statistically significant reduc- 
tion in NT pro-BNP levels. From these data we concluded 
that in patients with resistant hypertension and left ventricu- 
lar hypertrophy, renal nerve ablation besides blood pressure 
reduction leads to favorable cardiac remodeling and attenua- 
tion of neurohormonal overdrive. 


Effect of Renal Nerve Ablation on Arrhythmias 

We assessed the effects of renal denervation on heart rate 
variability and cardiac arrhythmia. Fourteen patients with 
resistant hypertension underwent ambulatory blood pressure 
measurements and Holter monitoring at baseline and at 1 and 
6 months after renal denervation using the EnligHTN abla- 
tion catheter. Supraventricular and ventricular ectopic activ- 
ity was recorded in all patients. SyneScope analysis system 
calculated the recommended time- and frequency-domain 
parameters of heart rate variability. 

Office and 24-h systolic and diastolic blood pressure were 
significantly reduced both at 1 and 6 months after renal dener- 
vation. The total number of premature supraventricular and 
ventricular contractions was significantly decreased both at 1 
and at 6 months after renal denervation. A significant increase 
was observed in time and frequency domain indexes during 
the 24-h Holter monitoring both 1 and 6 months after the pro- 
cedure. We concluded that renal nerve ablation in addition to 
blood pressure lowering, significantly reduces mean heart 
rate and arrhythmia burden while it restores autonomic bal- 
ance in patients with resistant hypertension, providing evi- 
dence for the beneficial impact of denervation-induced 
neuro-modulation on heart rhythm. 


The Future of RNA in Resistant Hypertension: 
Issues to Be Addressed 


Resistant hypertension is likely to remain the main target of 
renal nerve ablation in the near future. Several issues how- 
ever need to be addressed before getting wide application in 
this patient population. Unsolved issues can be categorized 
to procedure-related and device-related, safety-related, and 
efficacy-related. 


Procedure-Related and Device-Related 
Unsolved Issues 


As of today, renal nerve ablation is a ‘blind’ procedure. All 
renal ablation systems aim to achieve near-complete disrup- 
tion of renal sympathetic fibers through the circumferential 


placement of ablating electrodes and the performance of sev- 
eral (4-8) discrete ablation lesions. However, there is cur- 
rently no accurate method to confirm intra-procedurally the 
success of renal nerve ablation and guide the interventional- 
ist to stop or continue the procedure. Recently, two tests have 
been proposed as markers of procedural success: electrical 
stimulation of renal arterial nerves [38], and renal blood flow 
during dopamine infusion [36]. Whether the proposed tests 
or other methods will actually prove to be accurate markers 
of procedural success remains to be validated in future 
studies. 

The relative contribution of efferent and afferent renal 
sympathetic fibers in the pathogenesis of resistant hyperten- 
sion remains poorly clarified. Subsequently, the effects of 
renal nerve ablation on efferent and afferent sympathetic 
nerve disruption and the contribution of each component on 
blood pressure reduction is not known. Furthermore, the pos- 
sibility of sympathetic nerve re-generation following renal 
nerve ablation raises further questions. In addition, whether 
nerve re-generation takes place in the anatomical level alone 
or it is functional as well remains to be verified by future 
basic research in this field. 

Current availability of six devices for renal nerve ablation 
and the active research for the development of many more 
devices (approximately 60 devices are under development) 
raises two important questions: (a) whether the source of 
energy plays an important role for the success of renal nerve 
ablation and the efficacy and safety of the procedure, and (b) 
whether clinically significant differences between the devices 
using the same energy source exist. Head-to-head trials are 
needed to answer these clinically meaningful questions. 
Until then, indirect comparisons may be useful, but special 
attention is needed in order to avoid inappropriate compari- 
sons and premature conclusions. 


Safety-Related Unresolved Issues 


Safety issues represent another considerable concern. Up to 
now, no serious or life threatening adverse events have been 
reported. Vascular complications seem rare and are not usu- 
ally irreversible. So far, minor vasospasm of the renal artery 
post-denervation, small hematomas, pseudo-aneurysms, 
minor bleeds, and one dissection requiring stenting have 
been reported. Endothelial injury at the site of ablation 
lesions seems to be transient and re-endothelization occurs 
soon enough. Clot formation at ablation sites can be pre- 
vented by appropriate antithrombotic and antiplatelet 
therapy. 

Renal artery stenosis is another significant concern, since 
it was observed with radiofrequency ablation for the man- 
agement of atrial fibrillation. Fortunately enough the proba- 
bility of renal artery stenosis seems much lower than in the 
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pulmonary and coronary arteries, possibly due to the fact that 
the energy delivered for renal ablation is much lower than the 
energy delivered for atrial ablation and the diameter of renal 
artery is much greater than the coronary and pulmonary ves- 
sels. Indeed, only two cases of renal artery stenosis due to 
renal nerve ablation have been reported so far [39, 40], while 
the procedure has been already performed in several thou- 
sand patients. 

Renal function concerns after renal nerve ablation have 
been previously raised [41]. Renal function remained practi- 
cally unaltered during the clinical studies performed so far 
(37, 42, 43]. A more detailed analysis of renal function did 
not raise any flags [44]. Of note, renal nerve ablation seems 
safe in patients with CKD, just like in patients without CKD 
[45]. In another study, renal function was meticulously 
assessed by biomarkers for functional and structural kidney 
damage and remained unaltered both in patients with and 
without CKD [46]. No major renal deterioration has been 
reported so far. Although a case report of renal failure fol- 
lowing RNA in a patient with CKD was recently published, 
renal biopsy suggested that the deterioration of renal func- 
tion was due to the progression of glomerulopathy itself and 
not related to RNA [47]. 


Efficacy-Related Unsolved Issues 


A marked heterogeneity in blood pressure response is 
observed with renal nerve ablation. In almost all studies it 
can be seen that approximately one third of patients show an 
excessive blood pressure fall, one third of patients experi- 
ences small but significant reductions, whereas the remain- 
ing one third of patients exhibits little if any blood pressure 
reduction. This response heterogeneity is not unforeseen: it 
is observed with drug therapy as well. Hypertension is a mul- 
tifactorial disease and renal nerve ablation does not modify 
all contributing mechanisms. Although it seems rational to 
assume that renal nerve ablation will be effective in patients 
with enhanced sympathetic activity, no accurate predictors 
of blood pressure response have been identified so far. 
Sympathetic overactivity indices (muscle sympathetic nerve 
activity and/or plasma noradrenaline levels) do not seem to 
correlate with blood pressure response [48, 49]. Office blood 
pressure levels before the procedure and to a lesser extend 
baseline heart rate have been correlated with blood pressure 
response to renal denervation [37], however their utility for 
the individual patient in everyday clinical practice remains 
doubtful. 

The disparity between office and ambulatory blood pres- 
sure reduction represents another concern. The excessive 
falls in office blood pressure are not accompanied by similar 
reductions in ambulatory blood pressure levels. A smaller 
reduction of ambulatory compared to office blood pressure 
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has been observed with drug therapy [50, 51]; however this 
difference is accentuated with renal nerve ablation. The 
mechanisms underlying this phenomenon have not been ade- 
quately clarified. The importance of pseudo-resistance has 
been highlighted in a recent study by Mahfoud et al. in which 
no ambulatory blood pressure response was demonstrated in 
this population [52]. It thus seems mandatory to use 24 h 
blood pressure measurement in all candidates for renal nerve 
ablation, in order to exclude pseudo-resistance [53]. 

The persistence of blood pressure reduction over time and 
the long-term outcome of patients undergoing renal nerve 
ablation remain unknown, since catheter-based renal dener- 
vation has a short history. Up to now, blood pressure reduc- 
tion seems to be maintained for at least 3 years following 
renal nerve ablation (the maximum reported follow-up 
period) [54]. Regarding the long-term effects of renal dener- 
vation on morbidity and mortality, no data is available so far. 
Although it seems rational to assume that blood pressure 
reduction will be accompanied by significant benefits, it 
remains to be seen in prospective randomized studies com- 
paring renal nerve ablation with optimal drug therapy. The 
EnligHTment study aims to stratify >5,000 patients to pro- 
vide relevant information. 


Applications of Renal Denervation Beyond 
Blood Pressure Control 


Renal nerve ablation might be beneficial in all disease condi- 
tions characterized by enhanced sympathetic activity, includ- 
ing but not limited to chronic kidney disease, heart failure 
with reduced or preserved ejection fraction, obstructive sleep 
apnea, polycystic ovary syndrome, and tachyarrhythmias. 
Pilot studies in these conditions have been promising so far, 
however appropriately designed studies are needed to con- 
firm these primary results. 

The rationale for renal nerve ablation in chronic kidney 
disease comes from the sympathetic overdrive observed 
patients with renal insufficiency [55] and the beneficial 
effects of surgical excision of native kidneys in hemodialysis 
patients and renal transplant recipients [56, 57]. Renal nerve 
ablation seems to be feasible, safe, and effective in patients 
with chronic kidney disease [58, 59]. However, available 
data comes from case reports or small clinical studies and 
requires confirmation. 

Sympathetic overactivity and fluid overload is observed 
in patients with heart failure [60]. Renal nerve ablation 
exhibited beneficial effects on cardiac function in heart 
failure patients with either reduced or preserved ejection 
fraction. However, these benefits were observed in small 
pilot studies [61, 62]. Larger randomized outcome stud- 
ies (RE-ADAPT-CHF for reduced ejection fraction and 
DIASTOLE for preserved ejection fraction) are underway to 
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evaluate the efficacy and safety of renal nerve ablation in 
heart failure patients. 

Obstructive sleep apnea is associated with sympathetic 
overactivity [63] and experimental data point towards bene- 
fits of renal nerve ablation [64, 65]. A small study in humans 
revealed that renal denervation not only decreased blood 
pressure levels but modified the severity of the disease itself 
as well [66]. Similarly, beneficial effects on blood pressure 
and disease severity were also observed in patients with 
polycystic ovary syndrome [67], a condition characterized 
by enhanced sympathetic activity [68]. However, the study 
sample was very small in both studies and verification is 
waited. 

The sympathetic system seems to be implicated in some 
forms of cardiac arrhythmia, both ventricular and supraven- 
tricular. Experimental data suggests beneficial effects of 
renal nerve ablation in cardiac arrhythmias [69, 70] and 
small studies in humans point towards benefits in ventricular 
tachyarrhythmias and atrial fibrillation [71, 72]. The H-FIB 
study will evaluate the effects of renal denervation in a large 
number of patients with atrial fibrillation. 

Finally renal nerve ablation might prove beneficial in 
patients with diabetes mellitus, metabolic syndrome, high 
cardiovascular risk, myocardial infarction, loin pain hematu- 
ria, and polycystic kidney disease. However, these theoreti- 
cal benefits have to be proven in clinical studies. 
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Marc Sapoval, Atul Pathak, Leslie A. Coleman, 
Austin R. Roth, Helen L. Reeve, and Thomas Zeller 


Introduction 


Sympathetic nervous system over-activity has been linked to 
numerous pathophysiologic conditions affecting the cardio- 
vascular, renal, and metabolic systems. Specific conditions 
wherein sympathetic over-activity has been described 
include essential hypertension, heart failure, arrhythmias, 
diabetes, sleep apnea syndrome, obesity, and chronic kidney 
disease [1, 2]. Increased sympathetic nervous system effer- 
ent activity to the renal system contributes to blood pressure 
homeostasis by promoting sodium and water retention, renin 
secretion and vasoconstriction of renal arterioles. Further, 
renin release stimulates the production of angiotensin II and 
thereby mineralocorticoids, mediating vasoconstriction and 
sodium and water retention, respectively. In addition, afferent 
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signals from the kidneys communicate with sympathetic 
centers in the central nervous system and play an important 
role in the regulation of overall sympathetic tone [3]. Chronic 
elevation in sympathetic activity contributes to the 
development of chronic hypertension, and potential end 
organ damage [4]. 

Chronic hypertension is managed by a combination of 
lifestyle changes and medications. Despite the use of multi- 
ple classes of anti-hypertensive medications, hypertension 
remains uncontrolled in a significant number of patients. 
Resistant hypertension is defined as blood pressure above 
goal despite the concurrent use of three different anti- 
hypertensive medication classes, one ideally being a diuretic 
with all agents prescribed at doses that provide optimal ben- 
efit [5, 6]. Catheter-based renal denervation is a novel 
approach to disrupt renal sympathetic nerve activity in order 
to reduce blood pressure in patients with resistant hyperten- 
sion [7, 8]. The premise is that targeted denervation of the 
renal efferent and afferent nerves leads to a decrease in local 
and central sympathetic activity resulting in a reduction in 
arterial blood pressure while simultaneously impacting 
numerous other systemic disorders affecting the cardiovas- 
cular, renal, and metabolic systems. 

To date, there are two primary approaches for catheter 
based delivery of energy for renal denervation: (1) radiofre- 
quency energy delivered to the renal arterial wall, transmu- 
rally, in a spiral fashion to focally ablate sympathetic nerves 
[9-12] (2) ultrasound energy delivered circumferentially to 
the adventitia and peri-adventitia, sparing the arterial wall, to 
ablate the sympathetic nerves [13]. 


Therapeutic Ultrasound 


Therapeutic ultrasound energy consists of high-frequency 
sound waves (1.e. rapid mechanical oscillations) that generate 
frictional heating in soft tissues [14]. Due to the physics of 
sound propagation, direct tissue contact with the ultrasound 
source is not required for energy transmission. Importantly, 
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ultrasound energy absorption in liquids (i.e. water, blood) is 
negligible reducing the risk of blood coagulation and the 
potential for thrombogenicity. 


Ultrasound for Renal Denervation 


The Paradise System utilizes a cylindrical ultrasound source 
which creates uniform toroidal lesions with controllable 
geometries, allowing for optimized treatment parameters 
that reduce the number of treatment sites and the overall 
treatment duration. By optimizing the size, shape and loca- 
tion of the lesion, denervation can be maximized while com- 
pletely protecting the arterial intimal and medial layers. 


Advantages of Ultrasound Over 
Radiofrequency Ablation 


Ultrasound ablation offers distinct advantages over radiofre- 
quency ablation for renal denervation due to the way in 
which energy is delivered to the tissue and due to the ability 
to control the resultant tissue heat profile. The ability to 
ablate without the energy source making direct contact with 
the arterial wall is one of the main distinctions between ultra- 
sound and radiofrequency devices. Radiofrequency devices 
require impedance measurements to ensure proper contact 
with tissue, a step that is unnecessary when using ultrasound. 
Since direct tissue contact is necessary to ablate tissue with 
radiofrequency electrodes, the tissue receiving the highest 
influx of energy is immediately adjacent to the electrode, and 
cannot be cooled. In contrast, ultrasound devices do not 
require direct tissue contact and balloon cooling of the arte- 
rial wall can be implemented while maintaining stabilization 
and position of the device within the artery. Balloon cooling 
allows for the maintenance of physiologic temperatures at 
the surface. Another important distinction is that radiofre- 
quency relies on thermal conduction alone to heat nerves 
residing away from the arterial wall. In contrast, ultrasound 
propagates into tissues, depositing energy in a predictable 
and controllable pattern that defines the size, shape and loca- 
tion of the thermal lesion. This allows for very precise energy 
deposition that can take place in short time periods, reducing 
the unpredictability that is inherent in heat conduction 
through heterogeneous biological media. 


The ReCor Medical Paradise® Renal 
Denervation System 


The CE Marked Paradise System is a next generation 
catheter-based renal denervation device that delivers ultra- 
sound energy to perform targeted circumferential denerva- 
tion to the renal afferent and efferent sympathetic nerves 
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with the goal of achieving a reduction in systemic arterial 
blood pressure, and mitigating end organ effects due to 
sympathetic over-activity. 

The Paradise System currently consists of a single use 
6-French ultrasound delivery catheter (5-French catheter 
will be launched in 2014) and an automated, portable 
customized generator working together to manage precise 
and uniform energy delivery with the aim of ablating the 
sympathetic nerves that surround the renal artery, while 
simultaneously cooling the endothelial and medial layers of 
the arterial wall to preserve the integrity of the arterial wall 
during the energy delivery process. The Paradise Catheter is 
introduced via femoral, or radial access, under fluoroscopic 
guidance and advanced into the renal artery. Bilateral renal 
denervation is achieved by delivering ultrasound energy 
within each renal artery. The specific components of the 
Paradise System are described in more detail below. 


Description of the Paradise System 
Components 


Paradise Transducer 


The ultrasonic energy source, transducer, is the core 
component of the Paradise System. The transducer is a 
cylindrical ceramic ultrasound transducer that produces 
circumferentially uniform sound waves that propagate into, 
and are absorbed by, the tissue surrounding the renal artery. 
The Paradise Generator manages the delivery of the circum- 
ferential ultrasound energy to the renal nerves located within 
and beyond the arterial wall. 


Paradise Catheter 


The Paradise Catheter has a distal balloon which is 
pressurized by the Paradise System to a range of 1.5-2.0 
ATM using sterile circulating water (Fig. 9.1c). The ultra- 
sound transducer is located within the balloon (Fig. 9.1b). 
The transducer converts electrical energy to acoustic energy, 
which is then delivered radially from the balloon into the 
renal artery. The pressurized balloon manages the location of 
the ultrasound transducer within the artery and allows fluid 
circulation that serves to cool the wall of the renal artery. 


Paradise Generator 


The Paradise Generator contains a touch screen which 
allows users to operate the Paradise System in a stepwise 
fashion to prepare the balloon for insertion, to inflate and/or 
deflate the balloon and also to deliver energy (Fig. 9.1a). 
This manner of operation, combined with a series of sensors, 
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Fig. 9.1 The paradise renal denervation system. (a) Paradise generator. (b) Paradise catheter: ultrasound transducer within cooling balloon. (c) 
The paradise system in situ (artistic rendering) 


both internally and within the disposable cartridge allows 
the main central processing unit within the generator to 
monitor and control the state of the Paradise System at any 
moment in time. The dosage settings of the Paradise 
Generator are fixed and based on the efficiency of the trans- 
ducer and the balloon size. Each catheter has an embedded 
chip that communicates to the generator the specific power 
settings to be applied. 


Paradise Cartridge 


The Paradise Cartridge when used in conjunction with the 
Paradise Generator controls the fluid flow into and out of 
the Paradise Catheter. Fluid flows in a closed-loop through 
the Paradise Cartridge and the Paradise Catheter. 


Paradise Connection Cable 


The Paradise Connection Cable allows for the communica- 
tion of transducer information from the Paradise Catheter to 
the Paradise Generator as well as the transfer of electrical 
energy during the procedure. 


Preclinical Results 


The Paradise System has been developed to optimize safety 
and effectiveness by creating a cooled zone to ensure safety, 
and an ablation zone, to optimize effectiveness. Extensive in 
vitro and in vivo testing has been conducted to evaluate 
system functionality, device deliverability, thermal and 


cooling settings, treatment parameters and the overall safety 
and effectiveness of the system. 


Thermal Profile 


The target thermal profile for energy delivery determined by 
ReCor Medical Inc. includes a cooled zone wherein tissue 
temperatures are maintained between 37 and 55 °C to 
minimize endothelial or medial cell damage; a target abla- 
tion zone 1-6 mm from the arterial lumen wherein tissue 
temperatures should reach >60 °C for short durations to 
achieve immediate neural cell death; and a far field cooled 
zone wherein tissue temperatures do not exceed physiologic 
temperatures to ensure there is no damage to non-target 
tissues (Fig. 9.2). Optimization of the tissue thermal profile 
can be achieved through management of the power of energy 
delivered, the duration of energy delivery, and the cooling 
flow rate. 

In vitro and in vivo studies have been conducted to 
optimize the thermal profile of the Paradise System to effec- 
tively ablate the renal nerves. The cooling flow rate, power, 
and duration of energy delivered were varied in preclinical 
studies (in vitro initially and subsequently confirmed in vivo). 
Optimization of the thermal profile/thermal dose, and optimi- 
zation of the number of ablations, was performed in vivo. 


Computer Simulations 

Computer simulation models were developed to characterize 
and optimize the thermal profile of the system. Simulations 
provide information regarding the heating pattern and depth 
of thermal energy delivered from the transducer. The model 
demonstrates the heating pattern emanating from the length 
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Fig.9.2 Target thermal profile for 
ablation of renal nerves while 
preserving renal arterial wall 
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Paradise System 
Thermal Ablation Objectives 
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Fig. 9.3 In vitro gel model demonstrating target thermal 
profile (average temperature achieved with the paradise 
system) for ablation of renal nerves while preserving renal 
arterial wall 
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of the transducer and the depth of heating with peak 
temperatures reached at several millimeters of depth with 
cooling on the surface. 


Bench Models 

In vitro studies confirmed the thermal profile observed in 
computer simulations. A gel model was utilized which mim- 
ics characteristics of tissue. The Paradise Catheter was 
inserted into the gel and thermocouples were placed at spe- 
cific depths surrounding the balloon/transducer to measure 
the energy (heat) delivered. A temperature curve was gener- 
ated based on the thermocouple readings. Based on this 
model and animal data, treatment parameters have been opti- 
mized for clinical use. At near depths (0-0.5 mm) tempera- 
tures remained below 60 °C and then reached ablation 
temperatures in the 0.5-6 mm range. Beyond 6 mm, the tem- 
peratures dropped off again below ablation levels. Figure 9.3 
shows the average temperature at specific depths (thermal 
profile) in the gel model. 


Depth (mm) 


In Vivo Studies 


Animal studies were performed in either porcine or ovine 
models due to similarities in renal anatomy with humans. 
These in vivo studies have demonstrated the ability of the 
system to allow for appropriate insertion of the device and 
positioning of the transducer in the renal arteries. Bilateral 
renal ablation was performed in all studies and the safety and 
effectiveness of the system evaluated via histologic assess- 
ment of the renal arteries, kidneys, and abdominal peripheral 
organs. Additionally, effectiveness was assessed via mea- 
surement of kidney norepinephrine levels. 


Effectiveness 

The animal studies have demonstrated that the target thermal 
profile has been achieved in vivo with preservation through 
cooling of the arterial wall, and ablation of nerves at the tar- 
get ablation zone of 1-6+2 mm. The actual tissue ablation 
zone varies depending on the biological structures present. 
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Fig. 9.4 Paradise system ablation zone in vivo. Photomicrograph of a 
histologic cross-section of a porcine renal artery treated with the para- 
dise system (H&E). The renal arterial intimal and medial layers are 
preserved through system cooling whereas the renal sympathetic nerves 
(<) within the adventitia and peri-adventitia are ablated 


The renal vein, arterioles, and lymph nodes serve as heat 
sinks, preventing adjacent tissues from reaching ablation 
temperatures. Effective ablation of the nerves, characterized 
by irreversible necrosis, has been demonstrated histologi- 
cally. A decrease in nerve function has further been demon- 
strated by immunohistochemical staining for specific nerve 
proteins; and by measurement of norepinephrine levels in 
the kidney, the end organ target of the renal sympathetic 
nerves. 

Figure 9.4 is a representative histologic image of a por- 
cine renal artery treated with the Paradise System at 7 days. 
As indicated, the renal artery (first millimeter of tissue) is 
spared whereas the ablation zone extends out to 6 mm, to 
target the majority of sympathetic nerves surrounding the 
renal artery. Quantification of affected nerves determined 
that on average 75 % of the nerves along the length of the 
artery were ablated with the Paradise System in animal 
models. In contrast, radiofrequency ablation ablates in a non- 
circumferential manner and heats at depths of 0-3 mm 
thereby potentially missing a large percentage of nerves. 

Further confirmation of the effectiveness of the Paradise 
System was demonstrated through specific immunostaining 
of the renal nerves for structural nerve and functional nerve 
proteins. Positive staining was observed for two structural 
proteins [neurofilament protein, NFP, and S-100, nervous 
system specific protein] whereas reduced staining was 
observed for tyrosine hydroxylase (TH), a functional nerve 
protein. These data illustrate that in nerves (clearly identified 
through the structural proteins), function was greatly dimin- 
ished consistent with thermal ablation. 

Further evidence for a decrease in nerve function is 
demonstrated by kidney norepinephrine levels (Table 9.1). 
Eight animals were selected to get either one (n=3), two 
(n=3), or three (n=2) 30 s treatments in the proximal, mid, 
and/or distal regions of both renal arteries. A significant 
decrease in norepinephrine levels was evident at 7 days for 1, 
2 or 3 treatment emissions per artery when compared to 


85 


Table 9.1 Percentage reduction of kidney norepinephrine levels and 
percent of ablated nerves based on number of ultrasound emissions 


Mean Percent reduction Percent 
norepinephrine of norepinephrine of ablated 
Ultrasound emissions level vs. control nerves 
0 Emission (control) 969+44 ng/g - — 
1 Emission 435+217 ng/g 55% 44 % 
2 Emissions 104+164 ng/g 89% 76 % 
3 Emissions 30+ 36 ng/g 97 % 76 % 
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due to hydro-Cooling 
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| ie 
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Fig. 9.5 Tetrazolium staining of the porcine aorta and bilateral renal 
arteries demonstrating the benefit of the cooling balloon feature of the 
paradise system 


control animals (n=2), which correlated with the percentage 
of ablated nerves. Two or three emissions resulted in far 
greater reduction than one emission, consistent with the 
current clinical protocol. 


Renal Artery Safety 

In addition, in vivo animal studies confirmed that the Paradise 
System does not cause clinically significant renal artery 
damage or functional impairment. As illustrated in the 
histology image in Fig. 9.4, the renal arterial wall (endothe- 
lium and medial layer) is preserved with minimal to no 
injury, which is important in minimizing any risk of renal 
stenosis. Preservation of the arterial wall is primarily due to 
the cooling feature of the system. Further, there is no 
evidence of ultrasound related damage to the renal vein, ure- 
ter, or kidney detected. 

An acute animal study illustrated the benefit of the cool- 
ing feature. Porcine renal arteries were treated bilaterally 
with the Paradise System with the cooling feature turned on, 
per clinical use in the distal renal artery, and with the cooling 
feature turned off, in the proximal renal artery. The arteries 
were then immersed in Tetrazolium chloride (TTC) which 
differentiates viable (red) tissue from non-viable (white) tis- 
sue within the treatment area. The results are clearly delin- 
eated in Fig. 9.5, wherein the treatment emissions with the 
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cooling feature turned off are white (non-viable) and those in 
which the system is used as intended with the cooling feature 
are viable. 


Clinical Experience 


The ReCor Paradise System received CE mark on December 
23, 2011. First in human evidence of the clinical safety and 
efficacy of the system was evaluated in the first-in-man 
REnal Denervation by Ultrasound transCatheter Emission 
(REDUCE) Trial, a single-center feasibility study conducted 
at Vergelegen Medi-Clinic, South Africa. Subsequently, two 
multi-center, ReCor Medical Inc. sponsored post-market 
evaluations (the REALISE and ACHIEVE studies) have also 
been undertaken as well as an investigator-led study (the 
RETREAT study) to evaluate patients who have not ade- 
quately responded to a previous renal nerve ablation treat- 
ment with radiofrequency. 


The REDUCE Study 


Patients were treated in the REDUCE study between October 
2011 and February 2012; 1-year follow-up is complete on all 
patients. Preliminary results from the REDUCE study were 
published in May 2012 by Mabin et al. 

Patients enrolled in the REDUCE study were diag- 
nosed with resistant hypertension as defined by the 2007 
European Society of Hypertension and the European 
Society of Cardiology [15], with a minimum blood pres- 
sure of 140/90 mmHg (office), 135/85 mmHg (home) and 
130/80 mmHg (ambulatory) despite being treated with 
at least three anti-hypertensive medications including a 
diuretic. Patients under the age of 18 years, pregnant, aller- 
gic to contrast media, or with any known cause of secondary 
hypertension were excluded. A CT-scan was performed at 
screening to further exclude patients with vascular abnor- 
malities (including renal artery stenosis and iliac or femoral 
artery stenosis precluding insertion of the Paradise catheter) 
or not meeting the anatomical criteria (renal artery of more 
than 20 mm in length and 4 mm in diameter). 

Baseline and follow-up evaluations (scheduled at 2 weeks, 
1, 2, 3, 6, and 12 months) included physical examination, 
blood and urine analysis, and medication intake. Office 
(three measurements), home (three measurements twice 
daily over 3 days) and 24-h ambulatory blood pressures were 
recorded at regular time intervals during the course of the 
study. Baseline and follow-up (6 months) CT-scan images 
were reviewed by an independent radiological core labora- 
tory. Patients were asked to continue their anti-hypertensive 
medications unless otherwise indicated by the investigator. 
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Fifteen patients with resistant hypertension underwent 
renal denervation in the REDUCE study. All patients met the 
ESH-ESC criteria forresistanthypertension atbaseline. Average 
office blood pressure was 182+22/110+15 mmHg, average 
home blood pressure 169+ 14/101+13 mmHg, and average 
24-h ambulatory blood pressure 168+16/98+15 mmHg. 
Patients took, on average, 4.5 antihypertensive medica- 
tions, with 100 % receiving diuretics, 91 % calcium-channel 
blockers, and 82 % angiotensin-converting enzyme inhibi- 
tors. Treated patients were 64 % female and 36 % male, 
64 % white and 36 % colored, and 55+14 years old (range 
32-80 years). Baseline co-morbidities and cardiovascular risk 
factors included hyperlipidemia (64 %), coronary artery dis- 
ease (36 %), and diabetes (27 %). 

A 12-French treatment catheter was used for the first three 
cases, while the subsequent 12 subjects were treated with a 
6-French catheter. Up to three ultrasound emissions were 
delivered in each renal artery at variable energies and with 
variable cooling flow rate. The majority of emissions were 
for 50 s (range 14-55). Eight patients were treated with low 
cooling flow of either 8 ml/min (n=5) or 5 ml/min (n=3). Of 
these, two patients developed clinically significant renal 
artery stenosis noted at their 6-month follow up visit, requir- 
ing angioplasty and stenting. In subsequent procedures, the 
cooling flow rate was increased to 41-50 ml/min with no 
further reports of stenosis. 

Office blood pressure was measured at 2 weeks, 1, 3, 6 
and 12 months post treatment. Ambulatory blood pressure 
was measured at 3, 6 and 12 months post treatment. 
Pretreatment, the mean office systolic blood pressure was 
182+22 mmHg (n=15). By 180 days post treatment the 
average blood pressure was reduced to 149+17 mmHg 
(n= 15) or an average drop of 33 mmHg which was sustained 
through the 12-month follow-up (153+17 mmHg). 
Ambulatory blood pressure also decreased post procedure 
with a mean change of —14/-7 mmHg at 6 months (Fig. 9.6). 

A responder has been defined as >10 mmHg drop in 
office systolic blood pressure or a >5 mmHg drop in ambula- 
tory systolic blood pressure [16]. Based on this definition, 
13/15 (87 %) REDUCE patients met the criteria of a 
responder by office blood pressure at 6 months; all patients 
met the criteria within the 12-month follow-up period. 9/13 
(69 %) of REDUCE patients met the criteria of a responder 
by ambulatory blood pressure at 6 months, and 11/13 (85 %) 
met the criteria within the 12-month follow-up period. 

Pain (back; abdominal; groin) associated with the proce- 
dure was reported in 9/15 patients. This type of procedural 
pain has been previously reported associated with radiofre- 
quency renal denervation and is usually transient and mild. A 
total of three device-related events requiring intervention 
were reported: two cases of stenosis discussed above and one 
case of procedural renal artery dissection. 
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Fig. 9.6 REDUCE blood pressure measurements over a 
time. (a) Mean office blood pressure over time (n= 15 per 
timepoint). (b) Mean office blood pressure change from 
baseline over time (n= 15 per timepoint) 
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In summary the REDUCE study was designed to 
document the safety and effectiveness of the Paradise® 
System in the setting of a first-in-man feasibility study. The 
efficacy of the treatment despite the small study sample size 
was encouraging, with an overall mean drop in blood pres- 
sure of approximately 30 mmHg recorded over 12 months 
follow-up. 


The REALISE Study 


The REALISE Study was designed as an adjunct confirma- 
tory clinical study based on the REDUCE protocol to further 
evaluate the Paradise System, and to further evaluate refine- 
ments in treatment parameters. 

The study is a single-arm, open label prospective 
study conducted in France at two clinical sites. Patients 
enrolled in the study had moderate resistant hypertension 


-33 


E Systolic Change E Diastolic Change 


as defined by the 2007 ESH/ESC guidelines. Moderate 
resistant hypertension is defined as office blood pressure 
>140/90 mmHg despite the use of a minimum of three anti- 
hypertensive medications, including a diuretic on maximally 
tolerated doses. All patients enrolled in the study were 
managed by a multi-disciplinary team which includes a 
hypertension specialist. The majority of patients were on five 
anti-hypertensive medications at baseline, and approxi- 
mately two third of patients were taking spironolactone at 
baseline yet met the criteria of resistant hypertension. 

The first eligible patient was treated on May 22, 2012. 
Enrolment in the REALISE study was completed in March 
2014. One year follow up will be completed in 2015. 

All patients enrolled in REALISE to date were treated at 
the higher cooling flow rate (41-50 ml/min) to ensure 
minimal damage to the arterial wall. The amount of energy 
(power) and duration of energy delivery was varied slightly 
in this patient group. For patients enrolled in 2012, two 
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balloon sizes were available (6 and 8 mm diameter); however, 
in 2013, the full range of four balloon sizes was available. 

Baseline and follow-up evaluations (scheduled at 1, 2, 3, 
6, and 12 months) included physical examination, blood and 
urine analysis, and medication intake. Office (three measure- 
ments), home (three measurements twice daily over 3 days) 
and 24-h ambulatory blood pressures were recorded at regu- 
lar time intervals during the course of the study. Baseline and 
follow-up (6-month) CT-scan images will be reviewed by an 
independent radiological core laboratory. Patients were 
asked to continue their anti-hypertensive medications unless 
otherwise indicated by the investigator. 

Preliminary results on the complete patient cohort (n=20) 
were presented at TCT, 2014 [17]. The mean age of enrolled 
patients was 55 years; 70 % were males. Baseline comorbidi- 
ties and cardiovascular risk factors included hyperlipidemia 
(45 %), type II diabetes mellitus (35 %), history of peripheral 
vascular disease (30%), history of stroke (30%), history of 
myocardial infarction (30%), history of obstructive sleep 
apnea (20%), and prior renal denervation (5%). The mean 
office blood pressure at baseline was 167/96 mmHg, and 
mean ambulatory blood pressure at baseline was 157/92 
mmHg. Preliminary results demonstrate a mean office blood 
pressure drop of —13/—9 at 6 months (n=20) and —-17/-5 at 12 
months (n=7); and a mean ambulatory blood pressure drop 
of —12/—5 at 12 months (n=8). Additionally, post treatment, 
the mean anti-hypertension medication burden decreased 
from 5.4 to 4.4 with an overall reduction in medication bur- 
den of 21%. 

System related safety events included the following: 
procedural pain (n=5); access related vascular injury (n=2); 
and systemic blood pressure effects including: hypotension 
(n=2), dizziness (n=1), hypertension (n=1). There have 
been no reports of new onset renal artery stenosis. 

In summary, preliminary results from the REALISE 
study demonstrate progressive decreases in office and ambu- 
latory blood pressure at 6 and 12 months following treat- 
ment with the Paradise System in patients with moderate 
resistant hypertension despite optimal medical management, 
including spironolactone, in the majority of patients at base- 
line. The REALISE study provides additional confirmatory 


evidence of the effectiveness of ultrasound renal 
denervation. 
The ACHIEVE Study 


The TrAnsCatHeter Intravascular ultrasound Energy deliv- 
ery for rEnal denervation (ACHIEVE study) is currently 
enrolling in Sweden, Germany, and the Netherlands. This 
study is designed to document the post-market performance 
and clinical effectiveness of the Paradise System in patients 
with resistant hypertension under standardized treatment 
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parameters of fixed cooling flow, short duration of emission, 
and consistent energy delivery (automatically calculated 
based on balloon size). 

Patients with resistant hypertension, defined as baseline 
office blood pressure of 160/90 mmHg and ambulatory blood 
pressure of 130/80 mmHg are eligible to participate in the 
ACHIEVE study. Patients with documented pre-existing 
renal stenosis anatomical abnormalities are excluded. 
Measurement of office blood pressure is made at all follow- 
up visits and recordings of 24-h ambulatory blood pressure 
are required for all patients at 6 and 12 months post 
treatment. 

A total of 100 patients will be enrolled in the ACHIEVE 
study. Enrolment in the ACHIEVE study is estimated to be 
complete by early 2015 with follow up complete early 2016. 
At the time of this writing, there are no reports of stenosis or 
other major procedural or device-related events in over 80 
patients treated. 


The RETREAT Study 


The RETREAT (Redo of transcatheter Renal Denervation) 
study is an investigator sponsored study on-going in Germany 
to document the effect of treating radiofrequency non- 
responders with the Paradise® System. Patients are consid- 
ered eligible if they underwent unsuccessful catheter-based 
radiofrequency renal denervation >6 months prior to study 
participation with a systolic office based blood pressure 
>140 mmHg despite the use of >3 anti-hypertensive medica- 
tions. The primary endpoints of the study include a change in 
office blood pressure at 6 months, a change in ambulatory 
blood pressure at 6 months, and a decrease in anti- 
hypertensive medications. Safety events will be collected 
and analyzed. To date, 7 patients, out of a target of 20 
patients, have been enrolled and there have been no reports 
of adverse events, or any safety issues. Results are expected 
in the second half of 2015. 


Conclusions 

The ReCor Medical Paradise® System is the first CE 
marked percutaneous endovascular system to use ultra- 
sound energy for renal denervation. The early clinical 
results with the Paradise System are compelling and dem- 
onstrated the acute safety and effectiveness of the device. 
The unique design features of the Paradise System offer 
significant advantages over first-generation radiofre- 
quency renal denervation systems: direct tissue contact is 
not required to deliver energy, eliminating the need for 
catheter manipulation, and thereby improving consis- 
tency of treatment; self-centering tip of the Paradise 
Catheter allows for uniform energy delivery in every 
treatment site, and a fluid-filled low pressure balloon 
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surrounding the catheter cools the endothelium and 
medial layers of the artery during energy delivery thereby 
minimizing damage to non-target tissues. 

Ongoing and future clinical studies with the Paradise 
System will help confirm the durability and efficacy of 
this novel therapy. 
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Introduction 


Sympathetic nerve modulation as a therapeutic strategy in 
hypertension had been considered long before the advent of 
modern pharmacological therapies. Radical surgical meth- 
ods for thoracic, abdominal, or pelvic sympathetic denerva- 
tion had been successful in lowering blood pressure in 
patients with so-called malignant hypertension. However, 
these methods were associated with high perioperative mor- 
bidity and mortality and long-term complications including 
bowel, bladder, and erectile dysfunction, in addition to severe 
postural hypotension [4, 8, 9]. Recently developed endovas- 
cular catheter technology enables selective denervation of 
the human kidney, with radiofrequency (RF) energy deliv- 
ered in the renal artery lumen, targeting the renal nerves 
located in the adventitia of the renal arteries. 

Clinical studies have been done to assess the safety and 
efficacy of a percutaneous, catheter-based approach using 
RF designed to ablate renal sympathetic nerves specifically, 
via the lumen of the main renal artery (Symplicity™; 
Medtronic, Palo Alto, CA, USA). This approach was shown 
to reduce blood pressure successfully, without serious 
adverse events in patients with resistant hypertension [3, 5] 
which was shown to be maintained through 24 months [10]. 
Procedural limitations of the RF based renal denervation 
(RDN) include the catheter instability which triggers fre- 
quent treatment interruptions regardless of physician skill, 
the overall duration of the procedure and the associated 
patient discomfort or pain necessitating sedation and analge- 
sia with bradycardia reported in 13 % of cases [1]. 
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Ultrasound Catheter Based Denervation 


Ultrasound (US) energy consists of high-frequency sound 
waves (i.e., rapid mechanical oscillations), which are emitted 
by a piezoelectric transducer, and pass through the surround- 
ing fluids. This generates frictional heating in soft tissues 
resulting in temperature increase at a depth from the vascular 
lumen. A novel modality of using ultrasonic energy for 
catheter-based renal denervation has been recently developed. 
This CE-marked PARADISE™ technology (Percutaneous 
Renal Denervation System by ReCor Medical, Ronkonkoma, 
NY, USA) uses a catheter with a cylindrical transducer that 
emits ultrasound energy circumferentially [7] This innovative 
technology endeavours to overcome the limitations of the cur- 
rently used percutaneous RF-based RDN including the need 
for adequate vessel wall contact, requirement for longitudinal 
separation of ablation points and hence the need for long renal 
artery length to achieve adequate ablation points. 


The TIVUS™ System 


The Therapeutic Intra Vascular Ultrasound (TIVUS™) 
System for neural ablation using transluminal ultrasound has 
been developed by Cardiosonic Ltd. (Tel Aviv, Israel). The 
TIVUS™ System is a high intensity, non-focused, ultra- 
sound catheter system, which enables remote, localized and 
controlled thermal modulation of nerves adjacent to renal 
arterial adventitia in order to perform safe therapeutic renal 
sympathetic denervation. 


Device and Procedure Description: Renal 
Denervation Using the TIVUS™ System 


The TIVUS™ System comprises of two main parts: the 
TIVUS™ Console and the TTVUS™ Catheter. The first 
generation catheter, a unidirectional one, consists of a single 
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Fig. 10.1 The TIVUS™ System (Console and Multidirectional 
Catheter) (Printed with permission from Cardiosonic) 


ultrasonic element. The Multidirectional TTVUS™ Catheter 
is an alteration of the Unidirectional TTVUS™ Catheter and 
both these catheters are powered by the Modular TIVUS™ 
Console or the TTVUS™ Console (Fig. 10.1). Both catheters 
are 6 French compatible and passed over a 0.014” wire. The 
Unidirectional and the Multidirectional TTVWUS™ Catheters 
developed by Cardiosonic are similar in terms of mechanical 
and biocompatibility characteristics. Interventions are per- 
formed under fluoroscopic guidance and the TIVUS™ 
Catheter is introduced into each renal artery via femoral arte- 
rial access. The catheter can be delivered either through a 
guiding catheter sheath or steerable introducer sheath, over a 
0.014” guidewire, which is left in place during the ablation 
(Fig. 10.2). With the steerable guiding sheath, there is an 
ability to manipulate the catheter tip to facilitate optimal 
positioning and delivery. It also has the additional capability 
of steering the catheter away from the vessel wall if required. 
The transducer can be distanced away from the vessel wall 
by rotation of a knob on the handle which deflects the distal 
tip of the catheter shaft. 

The Multidirectional TTVUS™ Catheter is composed of 
three ultrasonic elements, which emit ultrasonic energy 
simultaneously. A gradual distancing mechanism is operated 
via a designated lever on the handle. The lever deploys three 
petals between the ultrasonic elements, and thus positions 
the ultrasonic elements at a safe distance from the renal 
artery wall. The catheter design (multiple ultrasonic ele- 
ments and the distancing mechanism) facilitates and simpli- 
fies the procedure. Bilateral denervation is achieved by 
delivering US energy in up to three locations within each 
renal artery. 

The TIVUS™ System contains several integrated safety 
mechanisms as part of the TTVUS™ console, for example: 
1. Temperature Sensor (thermistor): Measures the blood 

temperature near the catheter tip and turns off the excita- 

tion if the blood temperature exceeds the maximal pre-set 
temperature. 
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Fig. 10.2 Fluoroscopic image of the multidirectional TIVUS™ 
Catheter in the renal artery introduced over a 0.014” guidewire (Printed 
with permission from Cardiosonic) 


2. Distance Sensor and Control: The ultrasound transducer 
receives ultrasonic echo feedback from the tissue and 
evaluates the distance from artery wall; this prevents 
potential thermal damage to the artery wall. If the ultra- 
sound transducer is sensed to be too close to the artery 
wall, excitation will not be enabled. 

In accordance with the general advantages of ultrasonic 
hyperthermia, the TTVUS™ System may offer several bene- 
ficial characteristics: 

e Inducing a remote thermal effect in tissues adjacent to 
vascular lumen. 

e The TIVUS™ transducer is positioned intra-luminally 
and does not touch the arterial wall, thus preventing direct 
thermal or mechanical effect. 

e The catheter system allows continuous cooling of the 
transducers and the vessel wall by preserving uninter- 
rupted maintenance of renal blood flow. 

e Real-time feedback enables a monitored yet robust treatment. 

e The flexibility of the Multidirectional TTVUS™ enables 
circumferential treatment in short renal arteries. 

e Absence of any interaction of the ultrasound waves with 
metal allows treatment of previously stented segments, 
not otherwise possible with RF energy. 


Mechanism of Action 
The TIVUS™ System uses high intensity US to induce ther- 


mal effect to target nerves, and is intended for renal denerva- 
tion. US is a widely accepted energy source for hyperthermia 
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Fig. 10.3 Renal denervation using the TTVUS™ system: (a) Catheter 
positioning in a renal artery. (b) Transverse section of a peripheral 


artery. (c) Thermal effect to connective tissue and nerves following 
TIVUS™ treatment (dark line), illustration of the TTWUS™ ultrasonic 


therapy in various organs [2]. The TIVUS™ System, 
comprised of a catheter-mounted ultrasonic transducer and a 
console, generates high intensity, non-focused ultrasonic 
energy which can be delivered percutaneously to tissues 
adjacent to blood vessels of varying diameters (Fig. 10.3a). 
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transducers and the path of the ultrasonic energy beam, as well as the 
inner artery spared layers and intact endothelium. (d) Thermal effect 
distance per ultrasonic beam frequency (Printed with permission from 
Cardiosonic) 


In contrast to low intensity US applied for imaging, where 
tissue heating is negligible, the US energy generated by the 
TIVUS™ System is absorbed into the tissue and transformed 
into heat, thus resulting in a thermal effect on the target tis- 
sue and nerves. The other ultrasonic effects on tissue (such as 
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Fig. 10.4 Medical ultrasonic modalities (Printed with permission 
from Cardiosonic) 


cavitation or streaming) are insignificant. Figure 10.4 illus- 
trates the intensity and frequency range of the TIVUS™ 
system in comparison to other ultrasonic medical modalities. 
It is noteworthy that while Cardiosonic’s US element fre- 
quency is at a higher range similar to imaging modalities, the 
intensity is somewhat higher than physical therapy devices 
and significantly lower than High Intensity Focused 
Ultrasound (HIFU) products, mostly used in oncological 
therapies. During treatment, the catheter is placed at a dis- 
tance from the artery wall, therefore preventing mechanical 
damage to the artery wall and allowing cooling of the ultra- 
sonic transducer as well as vascular intima by renal blood 
flow. The ultrasonic energy is absorbed by the tissues adja- 
cent to the artery, which is heated to 50-80 °C. Heating a 
tissue beyond 50 °C causes irreversible denaturation of pro- 
tein (eg. collagen) and other thermal effects, resulting in 
remote damage to the outer artery wall layers and perivascu- 
lar tissue, while avoiding damage to the vessel’s intimal 
layer. Thermal damage to the media, if present, is negligible. 
When US is applied to nerves located in the adventitial and 
perivascular layers, heating of nerve cells and their support- 
ing tissue results in axonal degeneration and cell death 
(Fig. 10.3c) [2, 6, 11]. Heating causes irreversible damage 
and blockage of unmyelinated nerve fibres above 47 °C and 
of myelinated nerve fibres above 58 °C [11]. The depth of 
penetration and hence absorption of US energy, depends on 
the beam frequency; as the frequency rises, the depth of pen- 
etration decreases (Fig. 10.3d). 


TIVUS™ Pre-clinical and Clinical Data 


Animal Studies 

Cardiosonic conducted a series of feasibility experiments 
(swine model) followed by seven animal studies which included 
34 treated animals testing various sets of treatment parameters. 
The animal testing included assessments of safety and perfor- 
mance as well as comparison to an existing RF based technol- 
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ogy. 30-day and 45-day safety and performance controlled 
studies were conducted which included a total of 19 animals 
treated with different sets of treatment parameters. Analysis 
revealed no statistically significant renal function alteration, 
normal angiographic appearance of the renal arteries, and 
mostly no treatment related renal artery luminal narrowing of 
>20 % or other abnormalities on histopathological examina- 
tion. Performance measures resulted in Nor-Epinephrine (NE) 
concentration lowered by approximately 50 % compared with 
a standardized reference level (range: 42-93 %). 


Clinical Experience-Unidirectional TIVUS 


TIVUS Lis a First-In-Man (FIM) multicenter study conducted 
across centres in Australia, Europe and Israel in order to evalu- 
ate the TTVUS™ System safety and performance. The study 
included patients with essential hypertension with Office 
Systolic Blood Pressure (OSBP) >160 mmHg, despite treat- 
ment with more than three antihypertensive medications, 
including a diuretic. In addition, the clinical experience 
includes patients treated under a compassionate use program 
for severe resistant hypertension associated with impaired 
renal function or previously implanted renal artery stent. 
Overall a total of 18 patients were successfully treated at six 
investigational sites worldwide. Safety and feasibility have 
been demonstrated by virtue of absence of device related com- 
plications and reduction in blood pressure measurements. 


Compassionate Use 


Two additional patients underwent this procedure under a 
compassionate use indication, each approved by the local 
Ethics Committee as required by national law and regula- 
tion. Both patients were male presenting with OSBP of 
>160 mmHg. Demographic data for these patients is sum- 
marized in Table 10.1. Both procedures were uncomplicated, 
with no periprocedural or device related adverse events. 
These patients were noted to have significant reductions in 
BP post TTVUS™ procedure, as demonstrated in Fig. 10.5 
and Table 10.2. 


Current and Future Direction 
of Clinical Research 


TIVUS II Trial 


The TIVUS II trial is being conducted in order to further assess 
the safety, efficacy and performance of the TTVUS™ system 
using the Multidirectional TTVUS™ Catheter. Itis a prospective, 
multicenter, non-randomized, single-arm, open-label clinical 
study that was launched in 2013. The trial consists of three 
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Table 10.1 Baseline data 
(compassionate use) 


Baseline variables 

Age (years) 

BMI 

No. of anti-hypertensive meds 
Year diagnosed with HTN 
eGFR (mL/min/1.73 m°) 
Serum creatinine (mol/L) 
Diabetes mellitus 
Hyperlipidemia 


Office BP at baseline (SBP/DBP mmHg) 


24 h ABPM (SBP/DBP mmHg) 
Reason for companionate use 


Systolic office blood pressure at baseline, 1 & 3 
month post TIVUS™ procedure 

180 - 
175 - 
170 
165 
160 
155 - 
150 
145 
140 
135 - 
130 - 
125 - 
120 =- 


Blood pressure (mmHg) 


999-002 


999-001 


E Baseline ®1month E 3 months 


Fig. 10.5 SBP reduction post TTVUS™ procedure per patient (com- 
passionate use) (Printed with permission from Cardiosonic) 


Table 10.2 BP reductions (compassionate use) 


Patient # 999-001 999-002 
Baseline SBP (mmHg) 170 178 
1 month follow up 143 135 
3 month follow up 155 127 


concurrent cohorts with a total of 80 patients anticipated to be 

enrolled. These patients should have adhered to a stable drug 

regimen including maximally tolerated doses of three or more 
antihypertensive medications of different classes, of which one 
must be a diuretic. 

Cohort A: TIVUS™ Severe Resistant HTN: A minimum of 
58 patients presenting with resistant hypertension and 
OSBP of 160 mmHg (150 mmHg for DM) or greater. 

Cohort B: TIVUS™ Moderate Resistant HTN: About 12 
patients presenting with resistant hypertension and OSBP 
of 140 mmHg (130 mmHg for DM) or greater. 

Cohort C: TIVUS™ Failed RF Therapy: About ten patients 
presenting with resistant hypertension and OSBP of 
150 mmHg (140 mmHg) or greater, who underwent RF 
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999-001 999-002 
69 70 
29.76 32.25 

5 4 

1997 2007 

50 44 

Up to 2 1.67 
Yes Yes 

Yes Yes 
170/69 178/68 
160/62 160/47 
Moderate decreased renal Rt. renal artery stenting 
function (2007) 


Table 10.3 Baseline characteristics (TIVUS I) 


Baseline variables Mean + SD or % (n/N) 
Age (years) 63.3411.6 

Male gender 56 % (14/25) 

Ethnic origin (white) 100 % (25/25) 

BMI 33.0+8.3 

No. of anti-hypertensive meds 4.6+1.1 

eGFR (mL/min/1.73 m°) 80.2+28.9 

Serum creatinine (mol/L) 88.6+429.4 


Diabetes mellitus 76 % (19/25) 


Hyperlipidemia 44 % (11/25) 
Office SBP at baseline (mmHg) 173.7 +22.2 
Office DBP at baseline (mmHg) 90.7+ 18.6 
24 h ABPM (SBP) 152.9+15.1 


renal denervation at least 12 month prior to screening. 

This cohort will include patients in whom: 

e RF renal denervation was done and patient is a 

non-responder 

e RF renal denervation was done, patient responded ini- 

tially but then systolic BP rose to >150 mmHg 
(140 mmHg for DM). 

This ongoing multicenter study is being conducted in 
Australia, Europe and Israel. The duration of participa- 
tion for each patient will be approximately 3 years. 
Patients will be evaluated post-procedure at hospital dis- 
charge, 1-, 3-, 6-, 9- and 12-months. Follow up protocol at 
these time points will be the same as in TIVUS I study. 
Surveillance follow-up will then take place semi-annually 
through 3-years post-procedure. At these time points, 
record of three blood pressure measurements will be 
performed. 


Preliminary Clinical Data-TIVUS II 


To date, a total of 25 patients have undergone renal denerva- 
tion using the TTVUS™ System as described in Table 10.3. 
Eighteen were enrolled in cohort A, five in cohort B and two 
post RF ablation in cohort C. 
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Fig. 10.6 Mean office BP reduction 1 and 3 months post TTVUS™ 
Procedure (Printed with permission from Cardiosonic) 


Fifty six percent of the patients in the TIVUS II study 
were male, with a mean age of 63.3 years and mean BMI of 
33.0. The study patients were on an average number of 4.6 
antihypertensive medications. Mean baseline OSBP was 
173.7/90.7 mmHg and mean baseline 24-h Ambulatory 
Blood Pressure 152.9/82.4 mmHg (See Table 10.3 for demo- 
graphic data). Figure 10.6 demonstrates graphically the 
mean office blood pressure reduction at 1 and 3 months from 
TIVUS™ procedure. Patients demonstrated significant 
reduction in blood pressure over time, most of them showing 
a substantial decrease. Additionally, patients within cohort A 
had pronounced reductions of 26/8 mmHg and 32/13 mmHg 
at 1 and 3 months, respectively. 


Conclusion 

US based renal denervation is a safe and effective treat- 
ment for resistant hypertension. Renal denervation using 
the TIVUS system shows great promise for treatment of 
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resistant hypertension. Its efficacy, safety and durability 
remains to be further demonstrated in a larger ongoing 
study and possibly a randomized controlled trial in the 
future. 
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Introduction 


The reduction in office systolic blood pressure in patients 
with refractory hypertension (HT) using percutaneous 
transcatheter renal sympathetic denervation (RDN) has been 
mostly encouraging [1—4]. In addition improvements in renal 
function, sleep apnea, and heart failure are suggested [5-7]. 
The first generation percutaneous device (Symplicity, 
Medtronic, Santa Rosa, CA) achieves RDN by application of 
radiofrequency (RF) electrical energy in a distal-to-proximal, 
point-by-point spiral pattern. This typically requires five or 
six ablations of 2 min duration, to each renal artery. This is 
time-consuming and the patient may experience more than 
25 min of pain. 

The OneShot Renal Ablation System (Covidien, 
Campbell, CA, United States of America) is an irrigated RF 
balloon designed to deliver electrical current alternating at 
RF to achieve denervation using a single 2-min ablation to 
each renal artery. The total duration of energy application is 
shortened to typically 4 min hence the procedure can be 
shorter and the duration of pain limited [8, 9]. The spiral 
electrode may ensure more predictable ablation than a point 
by point approach. 
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Device Description 


The major components of the OneShot Ablation System 
[8, 9] are the irrigated RF balloon catheter (Fig. 11.1) anda 
radio frequency generator (RFG) with an integrated pump. 
A mono-polar silver electrode mounted on the non-compli- 
ant balloon in a helical configuration (Fig. 11.1) delivers RF 
energy to the arterial wall, ensuring delivery in a spiral pat- 
tern without the need to manipulate the catheter. The balloon 
is delivered to the renal artery over a conventional 0.014 in. 
interventional guide wire through a guide catheter. Radio- 
opaque markers identify the balloon ends for positioning 
under fluoroscopy (Fig. 11.1). Balloons are available in 5, 
6 and 7 mm diameters. The guide catheter size used for the 
first trial was 9F [8] but subsequent balloons are compatible 
with 7 and 8F guides. The balloon is inflated to nominal size 
at | atmosphere pressure with normal saline delivered by 
the pump integrated to the RFG. The inflated balloon sta- 
bilizes electrode contact with the renal arterial wall. Renal 
angiography showing occlusion of the artery by the balloon 
assures contact of the ablating spiral electrode with the arte- 
rial wall (Fig. 11.1). During ablation, saline seeps from the 
eight irrigation holes that are present in the balloon close 
to the electrode (Fig. 11.1). These are designed to cool and 
mitigate damage to non-target arterial tissue, effectively 
allowing the energy to penetrate deeper into the tissue. The 
spiral monopolar electrode in conjunction with an external 
dispersive electrode deliver a single, 2-min application of 
electrical energy alternating at RF to each artery. In long 
arteries several non-overlapping applications of RF energy 
may be possible. 

The RFG features a touch screen interface for user input 
and displays instructional messages and procedural feed- 
back such as power delivered, impedance, and remaining 
treatment time. The RFG displays warning messages and 
triggers automatic shut-offs to ensure safe operation of the 
system [8]. 
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Fig.11.1 The OneShot irrigated RF renal sympathetic denervation sys- 
tem In (a) is depicted the OneShot balloon with the spiral electrode indi- 
cated by the asterisks. The black arrows indicate the eight irrigation holes 
in the balloon adjacent to the electrode. The balloon is delivered over a 
0.014 in. wire (white arrow). The diagram in (b) is a left renal artery 
cutaway showing the inflated balloon and with the spiral electrode in an 


The Renal Hypertension Ablation System 
(RHAS) Trial [9] 


The aims of this first-in-human study were to provide 
hypothesis generating safety and feasibility data concerning 
the OneShot renal denervation device. 


Endpoints 


The primary endpoint was the successful insertion and posi- 
tioning of the OneShot balloon in each renal artery and deliv- 
ery of low level radiofrequency energy. Secondary endpoints 
included: (1) acute procedural safety, defined as absence of 
serious groin complications or vascular access site complica- 
tions; (2) procedural success, defined as freedom from compli- 
cations associated with the delivery and/or use of the OneShot 
Device or the procedure; and (3) blood pressure lowering 


orange colour. The sympathetic nerves are shown in yellow. Shown in (c) 
is a left renal selective angiogram showing the position of the OneShot in 
this artery. In (d) the balloon is inflated and occludes the renal artery 
indicating the likelihood of apposition of the electrode to the arterial wall. 
In (e) is shown saline irrigation from the balloon holes (Reprinted from 
Ormiston [9] with permission from Europa Digital & Publishing) 


effects of the procedure measured by the reduction of office 
systolic blood pressure at 6 months compared with baseline. 


Patients 


The inclusion and exclusion criteria were similar to those of 
the Symplicity HTN trials [1, 2]. Patients 18 years and older 
were suitable for enrollment if they had a consistent office 
measured systolic BP greater than or equal to 160 mmHg (or 
greater than 150 mmHg for patients with type 2 diabetes) 
despite treatment with two or more antihypertensive medica- 
tions and had renal artery diameters between 4 and 7 mm. 
Patients were excluded if they had a glomerular filtration rate 
less than 45 mL/min/1.73 m [2]. Before ablation, all patients 
underwent computed tomography angiography (CTA) to 
exclude those with inappropriate renal artery diameters, mul- 
tiple large arteries, early arterial division, more than mild 
renal artery stenosis, and serious renal abnormalities. 


11 The “OneShot” Irrigated Balloon-Mounted Spiral Electrode Renal Denervation Device 99 


Fig.11.2 Change in mean 10 
(with SD) office blood pressure 
at 1, 3, 6 and 12 months. The I 
numbers in parenthesis indicate 0 5 
the number of patients with data = 
at each visit £ -10 

g 

ss 

SE -20 

oT 

oo 

os 

G -30 

£8 

o 2 

D 

& 40 

< 

O 

-50 
—60 - 1 Mon (n = 8) 


Follow-up 


Patient assessments were carried out before the procedure 
and at 1, 3, 6 and 12 months follow-up. At each follow-up 
office blood pressure was measured, medications reviewed 
and potential adverse events assessed. 


Study Management 


Data were independently monitored to ensure compliance 
with the protocol and to verify that the data matched source 
medical records. An independent Clinical Events Committee 
adjudicated study endpoints and events that occurred 
throughout the study. The Data and Safety Monitoring Board 
reviewed all safety issues. 


Statistical Analysis 


This study was hypothesis generating and designed to 
provide initial performance information for the OneShot 
device. The sample size was not defined on the basis of an 
endpoint hypothesis. Descriptive statistics were provided 
for baseline demographics, procedural characteristics, and 
study outcomes. Continuous variables are expressed as 
mean (standard deviation) and discrete variables as per- 
centages. Given the small sample size, changes in blood 
pressure were evaluated using paired t-tests. A P value of 
<0.05 was used as the cut-off was indicative only hence 
corrections for multiple t-tests were not made. All statisti- 
cal analyses were performed using Statistical Analysis 
System (SAS) for Windows version 9.2 (SAS Institute Inc. 
Cary, NC). 
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Results 


Of the 9 patients, mean age was 59.5 years, 5/9 were males, 
1/9 was diabetic [9] and mean number of anti-hypertensive 
medications per patient was 2.9+6 [9]. The median time 
from insertion of the OneShot balloon to the end of treatment 
was 17 (interquatile range 16.0, 20.0) min. The median 
procedure time (arterial access to end of treatment) was 35 
(30.0, 45.0) min. Median fluoroscopy time was 7.7 (7.0, 8.9) 
minutes and median contrast volume used was 124.0 (122.0, 
130.0) min [9]. 

The primary endpoint of the RHAS trial, the successful 
insertion and positioning in each renal artery of the OneShot 
irrigated balloon and delivery of radiofrequency energy was 
achieved in 8 of 9 patients [9]. The one failure was with the 
first patient and was due to the high-impedance safety 
shut-off threshold set too low for humans. This was subse- 
quently solved by minor generator reprogramming. The 
device was safe with only minor adverse events at 6 months 
post procedure [9]. 

The device was effective with over 80 % of patients 
having a reduction of systolic BP of >10 mmHg. The mean 
reduction at 12 months was 31 mmHg (Fig. 11.2). No renal 
artery stenosis was detected by CT angiography at 6 months. 
In the eight patients there was no change in renal function 
assessed by eGFR and serum creatinine [9]. 


The Rapid Trial 


The Rapid renal sympathetic denervation for resistant 
hypertension trial using the Maya Medical OneShot system 
(RAPID) was a prospective, multi-center, single-arm study 
that enrolled 50 patients at 11 clinical sites in Europe and 
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New Zealand [10] abst). Patients were considered for enroll- 
ment based on an office systolic blood pressure of 160 mmHg 
or more despite treatment with a regimen three or more anti- 
hypertensive medications including a diuretic. Follow-up 
period was at 1, 3, 6, 12, 24 and 36 months. The primary 
safety endpoints include acute procedural safety (defined as 
the overall rate of serious adverse events and adverse device 
effects at discharge; and chronic procedural safety (defined 
as the overall rate of serious adverse events and adverse 
device events at 6 months). The primary effectiveness end- 
point was the rate of office systolic blood pressure reduction 
>10 mmHg at 6 months compared with baseline. 

Fifty patients were enrolled with a mean age of 63.0 years 
(58.0 % male). 

Patients were on a mean of 4.9 antihypertensive drugs at 
baseline. The mean baseline office systolic and diastolic 
blood pressure measurements were 181.6+20.8 and 
95.5+ 15.5 mmHg, respectively. At 1 month there was a sig- 
nificant reduction of systolic (-17 and -7 mmHg, p<0.0001 
and p<0.0008 respectively) in both office systolic and dia- 
stolic blood pressures [10]. 


The Future of the Oneshot Program 


In early January, 2014, Medtronic Corp (Santa Rosa, CA) 
announced that the sham controlled Symplicity III ran- 
domized trial reached is primary safety endpoint but 
failed to reach its primary efficacy endpoint. While the 
results with the OneShot appeared promising, Covidien 
subsequently announced that it would exit its OneShot 
Renal Denervation program primarily in response to 
slower than expected development of the renal denerva- 
tion market. 
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Nevin C. Baker, Israel M. Barbash, and Ron Waksman 


While radiofrequency (RF) ablation has been the predomi- 
nate method for renal nerve denervation (RDN), alterna- 
tive methods have now been developed and show promise 
for the rapidly expanding field of hypertension control. 
Among these novel approaches is a concept dating back to 
the early 1990s, vascular brachytherapy (VBT), which is 
currently approved by the Food and Drug Administration 
for the treatment of coronary artery in-stent restenosis. 
Similar to RF ablation, it offers the potential to cause cel- 
lular degeneration, perineural inflammation, and nerve 
fibrosis which are necessary for successful and complete 
denervation. 

VBT uses a variety of clinically tested isotopes [!*Ir 
(gamma sources), **P, °°Sr/°°Y, and '**Re (beta sources)] 
delivered primarily via catheter-based systems for the 
purpose of localized radiation administration. Ideal 
radioisotopes for VBT include dose distribution within a 
few millimeters from the source with minimal dose gra- 
dient, short (<10 min) treatment times, low-dose levels to 
the surrounding tissues, and sufficient half-life for mul- 
tiple applications when used in catheter-based systems. 
While both gamma and beta radiation have been utilized 
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in clinical practice, beta radiation carries the majority of 
the desirable properties described above and is thus the 
most clinically attractive in terms of radiation exposure 
and safety. 

For purposes of delivering beta-emitted radiation, only 
the Beta-Cath™ (Novoste, Norcross, GA) catheter-based 
system is available. A typical catheter-based VBT device 
consists of four parts: the transfer device, the radiation source 
train, the delivery catheter, and the accessories. The transfer 
device is used to shield, store, and transport the radiation 
source train to and from the treatment zone. The transfer 
device is a small hand-held system that hydraulically trans- 
ports the train to and from the treatment zone using sterile 
water. Each radioactive source is 2.5 mm in length and the 
source train has a non-active radiopaque marker at each end. 
The transfer device contains 16 sources (40-mm device) to 
treat different injury length changes. The Beta-Cath™ 3.5F 
catheter (Fig. 12.1) allows the source train to be transported 
to the treatment zone. Treatment times are predetermined for 
each source train and are provided by Best Industries. The 
accessory pack enables the operator to use the non-sterile 
transfer device within the sterile field. 


woe 


Fig. 12.1 Beta-Cath™ 3.5F system 
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Limitations of RF Ablation 


Ample data exists to support the concept of renal sympa- 
thetic nerve RF ablation for the treatment of resistant hyper- 
tension [1, 2]. Despite these results, an unmet need for 
alternative approaches still exists, mainly due to the fact that 
RF renal nerve ablation requires strategically placed abla- 
tions separated both longitudinally and rotationally within 
each renal artery to avoid adverse vascular events, particu- 
larly renal artery stenosis, and offer ‘complete’ denervation. 

While safety results from pilot studies suggest safety 
with RF ablation [1], recent findings suggest that a degree 
of vascular injury exists that may not have initially been 
appreciated. Using a very sensitive tool for detection of 
vascular injury, Templin et al. assessed the morphological 
features of endothelial and vascular injury induced by RF 
renal nerve ablation using optical coherence tomography 
[3]. The authors were able to demonstrate local tissue dam- 
age that was not apparent with angiography, particularly 
local and diffuse vasospasm and thrombus formation fol- 
lowing endothelial injury. Safety concerns notwithstand- 
ing, it has also been difficult to ascertain why as many as 
16 % of patients undergoing RDN do not respond. While 
the precise failure mechanism is not entirely clear, a possi- 
ble explanation may be missed ablation spots, which are 
the result of ‘patchy’ ablations or inability of the RF cath- 
eter to cause permanent nerve damage. Indeed, next gener- 
ation RDN RF catheters are now being designed with this 
in mind. Brachytherapy for RDN may offer a method which 
is either as safe or perhaps improves on vascular safety, and 
may prove more efficacious given its large, homogenous 
effect. 


Radiation Mediated Nerve Damage 


The concept of radiation-mediated nerve injury has been 
studied in the animal model as well as implemented in cur- 
rent daily clinical practice. In 1985, after discovering that a 
number of their patients developed clinical signs of lumbo- 
sacral or sciatic neuropathy following wide surgical exci- 
sion plus intraoperative radiotherapy at doses of 20-25 Gy, 
Kinsella et al. used the canine model to investigate this clin- 
ical observation. Loss of nerve fibers, particularly large 
myelinated fibers, were observed after treatment with 
20-75 Gy of intraoperative radiation therapy to the sciatic 
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nerve [4]. No vascular thrombosis or occlusion was 
observed. A few years later, LeCouteur et al. evaluated 
radiotherapy on the peripheral nerves in canines and found 
a graded effect of radiation-induced nerve damage at doses 
beginning at 15 Gy [5]. Irreversible peripheral neuropathies 
were seen beginning around 6 months. Histopathological 
studies of nerves up to 2 years following irradiation demon- 
strated loss of axons and myelin, with a corresponding 
increase in endoneurial, perineurial, and epineurial connec- 
tive tissue. Percentage of axon and myelin decreased to 
about 60 % of normal at 15 Gy and additionally at higher 
doses. Sindelar et al. studied pathological changes at autopsy 
(1-18 months after radiation therapy) for 22 patients who 
had been treated with intraoperative radiotherapy resulting 
in perineural fibrosis in the areas that were radiated [6]. 
Importantly, significant radiation related changes were gen- 
erally not observed in major blood vessels. Clinically, ste- 
reotactic radiosurgery causes focal axonal degeneration of 
the trigeminal nerve. Gamma knife radiosurgery is now 
standard treatment for trigeminal neuralgia, showing safety 
and positive long-term results [7]. 


VBT for Renal Denervation 


For many years, VBT has demonstrated to be a safe method 
for the treatment of coronary and renal artery in-stent reste- 
nosis [8—12]. The theoretical advantage of this approach is 
one of both safety and efficacy. Available histology data 
show that the degree of arterial damage may be smaller as 
compared with other reported methods, and VBT offers the 
ability to cover a more diffuse vascular segment, allowing, 
in theory, a more ‘complete’ denervation. This theory was 
tested by Waksman et al. who initially assessed the safety 
and feasibility of beta radiation for RDN in the animal 
model [13]. 

A total of 10 normotensive domestic swine underwent 
bilateral renal artery brachytherapy via the Beta-Cath™ 3.5F 
System (Fig. 12.1) at doses of 25 Gy (n=8) or 50 Gy (n=8) 
at 2 mm from the source center. Compared with untreated 
arteries serving as controls (n=4), the VBT procedure proved 
safe at both the clinical and microscopic levels with no 
apparent angiographic or intravascular ultrasound injuries to 
the vessel evident at follow up, (Figs. 12.2 and 12.3) and no 
thrombus or microscopic evidence of stenosis in any of the 
larger artery sections. Varying degrees of arteriolar changes 
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Fig. 12.2 Renal artery angiography post brachytherapy showing wide 
patency of the renal arteries without angiographic evidence of stenosis 
or aneurysm. (a) Baseline angiography. (b) Immediately following beta 


Fig.12.3 Intravascular 
ultrasound at 2-months 
post brachytherapy 
(Reprinted from 
Waksman et al. [13] 
with permission from 
Europa Digital & 
Publishing) 


were present in the examined sections, with most showing a 
2-20 % degree of endothelial cell loss. Importantly, there 
was no damage to adjacent body tissue or organs. 

Light microscopy revealed varying degrees of histopatho- 
logical neuronal changes associated with the extent of ther- 
mal injury (Fig. ). At 1 month follow-up, 50 % of the 
nerves showed some degree of injury with a clear dose 
related injury-effect seen (Fig. ). Furthermore, the 
injury severity correlated with the radiation dose (Fig. ). 

This initial safety and feasibility study of VBT for 
RDN indicates that this approach can cause substantial nerve 
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radiation. Blue arrows mark radiation source length. (c) Angiography at 
2-month follow up (Reprinted from Waksman et al. [13] with permis- 
sion from Europa Digital & Publishing) 


fibrosis while avoiding significant damage to the renal artery. 
Based on these results, a first-in-man trial to assess VBT for 
RDN was approved by the Food and Drug Administration 
early in 2013 and is currently enrolling patients. The study 
aims to assess safety of renal artery beta irradiation VBT and 
to provide proof-of-concept that this approach can cause 
RDN and lower blood pressure in patients with resistant 
hypertension. Clinical efficacy and safety end points of 
6-month systolic and diastolic blood pressure reduction 
>10 mmHg and renal vascular complications will be 
assessed, respectively. 
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Fig. 12.4 Histological assessment of renal nerve injury. (a) High power 
image showing nerve fascicle with myxoid degeneration, H&E. (b) High 
power image showing nerve fascicles with endoneural/perineural inflam- 
mation and cellular degeneration (blue area), H&E. (c) Relation of injury 


to the renal artery. Focal periadventitial fat necrosis with fibrosis and 
myxoid degeneration, Movat. (d) High power image showing hypocel- 
lular fascicles with cellular degeneration, Movat (Reprinted from 
Waksman et al. [13] with permission from Europa Digital & Publishing) 
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Fig. 12.5 Assessment of renal nerve injury and dose-response relation- 
ship. (a) Percentage of damaged renal nerves. (b) Renal nerve injury 
grade. A higher percentage of advanced nerve injury was seen among 


Conclusions 

For over two decades, VBT has been safely used for the 
management of coronary artery in-stent restenosis. This 
method of cellular disruption and injury has recently 
crossed into the renal sympathetic denervation. It joins a 
rapidly growing field of RDN catheter systems currently 
under development, or already in clinical use, including 
RF ablation catheters, ultrasound energy, and local drug 
delivery-based systems. Ideally, any system implemented 
for RDN will need to maximize permanent nerve injury in 
a predictable pattern while minimizing damage to the 
local artery and surrounding structures, have a short pro- 
cedure time, as well as minimize patient discomfort. The 
search for this system continues with VBT. 
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Tim A. Fischell, Félix Vega, and Vartan E. Ghazarossian 


Introduction 


In the 1930s—1950s surgical renal sympathectomy was used 
to treat severe hypertension [1—3]. Despite a successful low- 
ering of blood pressure (BP) observed with surgical denerva- 
tion, this technique was abandoned due to a relatively high 
morbidity and mortality, and as a result of the development 
of more effective oral antihypertensive medications. 

Recently, catheter-based renal sympathetic denervation 
has been performed using a point-by-point, mono-polar 
radiofrequency (RF) ablation catheter from within the renal 
artery [4-11]. This technique has been shown to disrupt renal 
sympathetic nerve activity [4-7], resulting in substantial and 
sustained blood pressure lowering in patients with severe and 
medically resistant hypertension [4-11]. 

The ability to lower blood pressure using a catheter-based 
ablative technique from within the renal artery has led to a 
proliferation of new technologies intended to expand and 
validate this observation, and to improve the ease-of-use, 
safety, and predictability of catheter-based renal sympathetic 
denervation [12-14]. 

Virtually all of these new denervation devices have 
focused upon “energy-based” denervation, utilizing predom- 
inantly RF or ultrasound catheters. These catheters are 
designed to deliver ablative thermal injury through the intima 
and medial layers of the renal artery, in order to target and 
destroy the sympathetic nerve fibers that traverse from the 
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aorta, to the kidney within the adventitial and peri-adventitial 
space surrounding the renal arteries [4-12]. 

A number of these “next generation” RF and ultrasound 
transmural thermal- ablation catheters have been tested in 
patients and have validated the results from the original 
Simplicity Trials, with significant BP lowering seen after 
renal sympathetic (thermal) denervation [11-14]. 

Despite the moderate efficacy of both the first and next 
generation RF and ultrasound catheters, there are limitations, 
and potential safety concerns associated with the use of 
transmural thermal injury traversing the intimal and medial 
layers of the renal artery in order to create thermal injury to 
the sympathetic nerves that may run from 2 to 10 mm deep 
to the intimal surface [15-18]. In addition, the early genera- 
tion RF devices appear to have a relatively modest effect 
upon BP when measured with ambulatory BP monitoring, as 
well as a relatively high “non-responder” rate. 


Rationale for Chemical Renal Denervation 
with Ethanol 


Given the potential limitations of RF and ultrasound, we 
have developed a novel micro-needle based drug delivery 
catheter (Peregrine™, Ablative Solutions, Inc. Menlo Park, 
CA). This device was developed in order to study the feasi- 
bility, safety and efficacy of chemical denervation using very 
small volumes of ethanol (EtOH), a known potent neurolytic 
agent. With this device (see Fig. 13.1) one can deliver micro- 
doses (150-600 uL) of EtOH precisely and locally to the 
adventitial and peri-adventitial space of the renal artery 
(termed PeriVascular Renal Denervation; PVRD™), with 
three simultaneously deployed micro-needles. This system 
has now been evaluated in pre-clinical testing and most 
recently, in an early human safety and feasibility clinical 
study, as a means to perform renal sympathetic denervation. 

The key concepts and rationale for this methodology to 
create renal denervation are: (1) to deliver a very small vol- 
ume of a highly potent neurolytic agent (EtOH) precisely 
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Disrupted 
nerves 


Expanded view of 
injection site 


Limited EtOH volume (0.3 ml) directed and confined to perivascular space 


Fig. 13.1 Schematic drawings showing sequence of chemical dener- 
vation with EtOH. The upper left panel shows the anatomy of the mid- 
portion of the renal artery and shows no significant organs in the 


to the target area in the adventitia and the peri-adventitia; 
(2) to deliver the agent with such tiny (micro) needles such 
that even with full systemic heparin treatment there would 
be essentially no peri-arterial bleeding risk after the needle 
entry through the intima and media and into the adventitia, 
(3) to use an agent such as EtOH that is lipophilic and agra- 
scopic, such that simultaneous injection from three needles 
placed in one step, at 120° needle separation radially around 
the renal artery would reproducibly create circumferential 
spread of the neurolytic agent, and confined to the adventi- 
tial space, and allow circumferential sympathetic nerve kill 
with minimal effects upon the intima and media of the renal 
artery (nerve kill without renal artery vessel wall injury); 
(4) to determine the needle depth and doses required to get 
“deep” sympathetic nerve kill (nerve injury out to 
10-12 mm deep to intimal surface), which may be crucial 
in achieving reproducible and efficient sympathetic dener- 
vation; (5) to determine whether or not there is predictable 
and dose-dependent sympathetic denervation, as judged by 
the drop in renal parenchymal norepinephrine levels in a 
porcine model; (6) to determine the safety as judged by 
short-term (2 weeks) and longer term (3 month) histopatho- 
logical and angiographic studies in a porcine model; (7) to 
determine whether or not this technology could be safely 
applied in clinical cases and finally; (8) to determine 
whether or not this procedure could have the potential to 


vicinity of the very localized EtOH delivery. The middle panel shows 
the device deployed with micro-dosing of EtOH targeted to the adven- 
titial space (blue halos in right panel) 


create renal denervation in humans without the pain that is 
associated with “thermal” renal denervation using either 
RF or ultrasound techniques. 


Pre-clinical Testing 


Extensive pre-clinical testing has now been completed in 
order to evaluate the safety and efficacy of chemical neuroly- 
sis, via adventitial injection of very small doses of dehy- 
drated EtOH to as a means to perform sympathetic 
denervation, in a porcine model [19]. 

A novel, three needle-based delivery device, (Peregrine 
System™, Ablative Solutions, Inc., Menlo Park, CA) was 
introduced via the femoral artery into renal arteries of adult 
swine using fluoroscopic guidance. The drug injection cath- 
eter is an endovascular delivery catheter that contains three 
distal needles housed inside of individual guide tubes, which 
are contained within the catheter. The catheter has a steer- 
able, radio-opaque 2 cm fixed, floppy guide-wire at its distal 
end to minimize renal artery trauma and allow steerability, 
when needed, into appropriate branch vessels (Figs. 13.1 
and 13.2a-c). 

The animal studies were conducted under the general prin- 
ciples of Good Laboratory Practice (GLP) regulations as set 
forth in 21 CFR 58. Animals were pre-medicated with 325 mg 
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Fig. 13.2 Panel (a) shows the device handle that controls the tubes, 
needles and injection port. In (b), the device is deployed and centered in 
a porcine renal artery during contrast injection from the guiding catheter. 
Black arrow shows tip of guide tube against the intima and orange arrow 
shows tip of radio-opaque 0.008” injection needle. Panel (c) show 
injection of ~0.2 ml of dilute contrast demonstrating injection 100 % 
limited to the adventitial space. The black arrow shows the appearance 


of aspirin and 75 mg of clopidogrel by mouth once daily for 
2 days before the procedure. The animals were assigned to 
study groups at random, before the procedure began. 

The animals were pre-medicated with intramuscular 
injection of telazol combined with atropine. When recum- 
bent, animals were anesthetized with a mixture of isoflurane 
and oxygen delivered via facemask. When sufficiently anes- 
thetized the animals were intubated and connected to a 
closed-circuit anesthesia system and maintained on isoflu- 
rane combined with oxygen. Blood was collected for evalua- 
tion of hematology (CBC) and serum chemistry. Urine was 
obtained via cystocentesis. 
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of a small volume of dilute contrast that is angiographically apparent in 
the adventitial and peri-adventitial layer of the renal artery after the pur- 
poseful injection of 0.30 ml of dilute contrast through the deployed 
Peregrine needles. In Panel (d) immediate necropsy is shown after 
injecting 0.15 ml EtOH combined with methylene blue to define the cir- 
cumferential and very defined longitudinal (black arrows) spread of 
EtOH in the tunica adventitia 


After the animals were prepared for sterile surgery, one 
femoral artery was accessed using the Seldinger technique, 
and a seven French introducer was placed. Intravenous hepa- 
rin was given in all animals to achieve an ACT of >250 s. In 
all cases the right and left renal arteries of the pig were 
engaged using a seven French RDC guiding catheter. Prior to 
ethanol or saline injections, angiography of each renal artery 
was performed using iodixanol contrast diluted by 25 % with 
normal saline. 

The Peregrine™ device was advanced into the left or right 
renal artery via the guiding catheter. Once the operational 
section of the device was positioned within the target site in 
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the mid-portion of the renal artery, the three guide tubes are 
deployed spatially at 120°, one to another (see Figs. 13.1 and 
13.2b). The tubes were simultaneously deployed up against 
the intimal surface (Figs. 13.1 and 13.2b), using the advance- 
ment mechanism in the control handle (Fig. 13.2a). These 
atraumatic tubes have radiopaque distal tip markers such that 
one can clearly define the position of the tubes, particularly 
when contrast is injected via the guiding catheter (Fig. 13.2b). 

Once deployed, the three tubes serve to reproducibly 
“center” the device within the renal artery. The 0.008” nee- 
dles that reside within the distal tip of the tubes are advanced 
to a depth of 3.5+0.25 mm deep to the intima (i.e., beyond 
the tip of the guide tube). This function is also performed via 
the specialized handle, which allows simultaneous advance- 
ment of the three injection needles. These tiny needles are 
made radiopaque, so that they can be easily seen under fluo- 
roscopy. Although not part of the clinical protocol, in ani- 
mals dilute contrast can be injected once the needles are 
positioned to confirm placement relatively deep in the adven- 
titial space (Fig. 13.2c). 

It should be noted that these needles are the equivalent of 
a ~30 gauge needle so that they can be safely advanced 
through the renal arterial wall without causing bleeding. 
Prior to conducting this study we confirmed that needles of 
this size could be repeatedly advanced through the wall of 
the renal artery of pigs that had been pre-treated with high 
doses of heparin (ACTs 300-600), with no detectable bleed- 
ing at the needle puncture sites. This is a key observation 
relevant to the safety of this approach. 

Once the tubes and needles are deployed it is easy to 
confirm, fluoroscopically, that the needle tips are well out- 
side the luminal space and ~2.5—3.0 mm deep to the media 
and the external elastic lamina in a normal porcine renal 
artery (Fig. 13.2b). This corresponds to an injection depth 
that approximates the border between the renal artery 
adventitia and peri-adventitia, and which corresponds to a 
depth to the middle of the renal sympathetic nerve field, as 
defined in pressure-fixed human histopathological studies 
by Virmani et al. [18]. 

The successful deployment of the tubes and needles was 
confirmed by angiography. EtOH or saline (sham) fluid was 
then administered, using a 1.0 ml luer-lock syringe attached 
to the proximal injection lumen at the handle of the catheter. 
This injection lumen is in fluid continuity with the distal end 
of all three needles. The injection is performed over 15-20 s. 

Three volumes of EtOH were used in this study: 0.15 ml/ 
artery (n=3 pigs/6 arteries), 0.30 ml/artery (n=3 pigs/6 
arteries) and 0.60 ml/artery (n=3 pigs/6 arteries). A proce- 
dural control group was also studied using the injection of 
0.4 ml of saline/artery (n=3). This was a “sham” arm to con- 
trol for nonspecific effects that might be caused by mechani- 
cal injury from either the guide tubes or the needles, and/or 
any non-specific effects of fluid delivery. Once the treatment 


T.A. Fischell et al. 


agent was injected, the dead-space of the catheter was flushed 
with a very small volume of normal saline. After treatment 
of the first renal artery the device was removed from the ani- 
mal, inspected and flushed. The contra-lateral renal artery 
was then engaged and the same fluid injection sequence was 
performed in the contralateral renal artery. After the treat- 
ment of the second renal artery, the animals were recovered 
and housed for restudy and sacrifice at 2 weeks post- 
intervention. The animals were treated with aspirin 162 mg/ 
day for 7 days after intervention. 

The circumferential spread of EtOH was evaluated in 
separate experiments by combining 0.125 ml of EtOH with 
0.25 ml of methylene blue (stain). The volume of 0.15 ml 
was then injected under fluoroscopic guidance. Immediate 
necropsy was performed and demonstrated reproducible and 
circumferential spread of the 0.15 ml of the EtOH/methylene 
blue mixture (Fig. 13.2d). Histopathology was also used to 
evaluate circumferential spread of alcohol by having the 
pathologist evaluate and document the location (in terms of 
circumference) of any noted neuritis and neurolysis. The his- 
topathological examination showed extensive and circumfer- 
ential nerve injury at the 0.15, 0.30 and 0.60 ml EtOH 
injection volumes. 

Safety and effectiveness of the device were evaluated. 
The efficacy of denervation was determined by measurement 
of renal parenchymal norepinephrine (NE) levels (analyzed 
by HPLC, with electrochemical detection), and using histo- 
pathologic evaluation of the peri-renal nerves at the end of 
the 2-week survival period (Fig. 13.3). Safety was evaluated 
by histopathologic evaluation of the renal artery and kidney 
as well as evaluation of clinical pathology. Blood and urine 
were collected in all animals treated with the device for eval- 
uation of systemic and renal health at baseline and at the time 
of sacrifice. 

The animals were survived for 14+3 days after treatment. 
At the end of the study period the animals were anesthetized 
and angiography of the treated right and left renal arteries 
was obtained to evaluate vessel patency and to look for any 
luminal narrowing compared to baseline angiography. Four 
additional animals were studied with follow-up with angiog- 
raphy and pathology at 3 months after ethanol denervation 
using 300 pL of EtOH (Figs. 13.4 and 13.5). 

After angiographic follow-up at 14 days and at 3 months, 
a necropsy was performed. The renal arteries and kidneys 
were harvested for histopathological evaluation. Gross 
pathology to examine the status of the renal arteries was 
performed to look for renal artery abnormalities such as 
aneurysms, perforations, dissections, hematoma, etc., as 
well as inspection of the surrounding tissues for any abnor- 
malities. The renal arteries and kidneys were harvested, 
retaining the peri-adventitial tissue around the artery. The 
renal artery tissue was embedded in paraffin using standard 
techniques. Tissue was stained with H&E. Multiple sites 
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Fig. 13.3 Bar graph showing the dose- 400 


response effect of adventitial EtOH delivery 


P < 0.0001, all active vs. all controls 
P = 0.01, all active vs. HTS control |- 


upon renal parenchymal norepinephrine level 
at 1443 days. There is a marked and 
dose-dependent reduction of NE levels versus 
both naive control animals and sham control 
animals injected with saline. Mean NE 
reduction was 54 % with 0.15 ml; 78 % with 
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Fig. 13.4 Angiographic pictures and norepinephrine data from two 
pigs (upper and lower panel sets) at 3 month follow-up after 0.30 ml 
injection of EtOH in adventitial space by Peregrine™ device. Left pan- 
els show renal angiogram prior to treatment. Middle angiogram shows 


from each renal artery segment were labeled and sent for 
(blinded) microscopic evaluation by a board certified vet- 
erinary pathologist. 
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* Control = 10 animals 
* Rx = 1 kidney, 6 measurements 


Peregrine™ device deployed during EtOH delivery and right angio- 
graphic panels show 3-month results with no evidence of any stenosis. 
In both of these kidneys there was an 88 % drop in renal parenchymal 
norepinephrine relative to untreated control kidneys (far right panels) 


In all kidneys, four samples were obtained from random 
locations at each of the proximal, mid and distal regions of 
each kidney for a total of 12 samples/kidney. The tissue 
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Fig. 13.5 Histopathology (H & E) of renal denervation at 30 days with 
0.30 ml EtOH injection. The renal artery (intima and media) appears 
intact without evidence of injury or inflammation (black circle). The 
reaction to the EtOH appears quite limited to the adventitial layers. 


samples were weighed, placed in cryovials and flash frozen 
by immersion into dry ice. The frozen samples were then 
stored at —70 °C. They were sent in dry ice to an independent 
laboratory for (blinded) measurement of renal parenchymal 
norepinephrine levels. 

Renal norepinephrine concentrations in the treated ani- 
mals from this study were also compared to values from 
naïve control animals of the same age and species (n=7) 
with renal tissue sampling performed in an identical fashion 
to the treated animals. 

The safety of ethanol injection was also assessed in a sepa- 
rate nephrotoxicology study (n=4). After deep engagement 
of the renal arteries 0.6 ml of EtOH was injected directly in 
both the right and left renal arteries (1.2 ml total EtOH/ani- 
mal), over 20-30 s to replicate the timing of injection into the 
adventitial space when therapeutic EtOH neurolysis was per- 
formed. These animals had serial measurement of serum 
BUN, creatinine, electrolytes and body weight at days 1, 7 
and at 30 days after the injection. Histopathological evalua- 
tion of the renal parenchyma was performed in all such treated 
kidneys at 30 days to look for any evidence of renal injury. 

Additional, longer-term safety evaluation was obtained 
with angiographic follow-up at 90 days, in four additional 
animals (n=8 arteries) treated with 300 pl (0.30 ml) EtOH. 
These studies were performed to look for any evidence of 
late renal artery stenosis (Fig. 13.4). 
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There is severe damage to the deep renal nerve bundles with vacuoliza- 
tion, nerve fiber disruption, and fibrosis of the perineural structures at a 
depth of 4-14 mm deep to the intima (blue hatched and red hatched 
boxes and magnified view from red box) 


For statistical analysis, between-group comparisons were 
made using a Wilcoxon rank-sum test, performed in R (Version 
2.14.1, Vienna, Austria). Data are shown in graphs as mean + 
SD. A p value of <0.05 was considered significant. 

Device success was defined as successful injection of the 
designated fluid without serious adverse events. The device 
was used successfully in all 16 animals and 32 renal arteries. 
Procedure time, measured from the advancement of the 
device into the renal artery, followed by deployment of nee- 
dles, injection, and withdrawal back into the guiding catheter 
averaged approximately 90 s for each renal artery (range — 
55-140 s). A small hematoma at the femoral access site was 
recorded in one animal. There was no other study-related 
morbidity or mortality. 

At 2-weeks after ethanol-mediated renal denervation mea- 
surements of renal tissue NE showed an essentially linear dose 
response (R?=0.95) between the EtOH volume delivered and 
the reduction of the renal parenchymal NE level (Fig. 13.3). 
The mean renal NE reductions were 54, 78 and 88 % at doses 
of 0.15 ml/artery, 0.30 ml/artery and 0.60 ml/artery, respec- 
tively (p<0.0001 vs. combined controls; Fig. 13.3). The other 
statistical comparisons are shown in Fig. 13.3 and demonstrate 
a statistically significant reduction (p<0.05) in renal paren- 
chymal NE at all three doses, vs. sham controls. 

Angiographic follow-up of all 24 treated vessels at 
14+3 days showed no evidence of renal artery narrowing at 
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EtOH doses of 0.15, 0.30 or 0.60 ml/artery. There were no 
other abnormalities noted, including no aneurysmal changes 
or thrombus. Angiography at the 90-day time point in four 
additional animals (eight arteries) treated with 0.3 ml EtOH, 
demonstrated no detectable renal artery narrowing (Fig. 13.4). 

Histological examination revealed marked, and deep, cir- 
cumferential renal nerve injury at depths of 1.5—12 mm from 
the intimal surface (Fig. 13.5). There was no discernible 
nerve injury in the saline, sham control injected animals. 
Nerve injury in the EtOH treated vessels was characterized by 
vacuolization, loss of internal architecture, and the develop- 
ment peri-neural fibrosis (Fig. 13.5). There was no evidence 
of device-related or EtOH-induced injury to the intimal layer 
of treated vessels. There were no thrombi. There was no evi- 
dence of any significant EtOH-induced injury to the intimal 
or medial layers of the renal arteries at the 0.30 ml dose at 
3 month follow-up (Fig. 13.5). There was no discernible 
injury to tissue deep to the peri-adventitial plane. 

There were no adverse nephrotoxic or systemic effects 
seen. The pigs’ serum creatinine, BUN and electrolytes 
remained unchanged over the study period. Finally, direct 
injection of EtOH into the renal artery, at 200 % the likely 
therapeutic dose (i.e., 0.6 ml vs. 0.30 ml), resulted in no 
detectable renal toxicity as measured by creatinine, BUN, or 
electrolytes measured at 1, 3, 7 and 30 days after EtOH injec- 
tion (all p’s=NS). There were no discernible renal patho- 
logical effects seen on sectioning of the renal parenchyma at 
the 30-day follow-up. 


First in Man Feasibility 


The first in man early safety and feasibility study was started 
in September 2013. Bilateral renal angiography was per- 
formed in nine patients with severe refractory hypertension. 
Heparin was administered to achieve an ACT of >250 in all 
patients. Following anticoagulation unilateral denervation 
using 300 uL of EtOH was performed successfully in the 
first five patients. Unilateral intervention was done in these 
first five patients, as per protocol, to make certain that this 
technique was safe, prior to attempting bilateral denervation 
in one setting. 

These patients were re-studied at 1 month after their first 
intervention. Angiography demonstrated no injury, stenosis or 
thrombus in any of the five treated vessels. After re-study of 
the initial target vessel, bilateral denervation was completed 
by denervation, as per protocol with 300 uL (0.3 ml) in the 
contralateral renal artery. Four additional patients were treated 
with bilateral denervation following this first “staged” cohort. 

The procedure is very simple technically and also much 
faster than first or even second generation energy-based “‘burn- 
ing” catheters. The mean time from device advancement into 
the target renal artery, to device withdrawal and final angiog- 


raphy was ~3 min (range 1.5—4 min). There were no complica- 
tions, and device success was achieved in 9/9 cases and in 
19/19 vessels (one patient treated who had dual renal/acces- 
sory renal arteries). There were no observations of vasospasm, 
thrombus, dissection or perforation in any of the 19 renal arter- 
ies treated. Interestingly, in two of the nine patients radiofre- 
quency renal denervation would have been contraindicated 
(one patient with a short (12 mm) main renal artery length; one 
patient with dual renal arteries to the left kidney). 

Perhaps most importantly, the ethanol denervation proce- 
dure was essentially painless. In 6/9 patients there was 0/10 
pain throughout the procedure. In three patients there was a 
very transient (~60 s of discomfort, rated as 34/10). Only 
modest conscious sedation was used. In all cases the patients 
were essentially awake and actively conversant during the 
EtOH injection. In the three patients who had any discom- 
fort, the pain was rated as 0/10 at 1-2 min after the EtOH 
injection. Lab tests, including BUN and CR were unchanged 
at 24 h after the procedure. Further follow-up is pending. 
Early data suggests a significant drop in both systolic and 
diastolic BP at 4 weeks after unilateral denervation (n=5). 
These data need to be confirmed in a larger cohort. 


Discussion 


In these studies we have demonstrated the apparent safety, 
and predictability, as well as a dose-dependent efficacy of 
low dose ethanol injection via micro-needles into the peri- 
vascular space to achieve circumferential sympathetic nerve 
ablation (Peri Vascular Renal Denervation, or PYVRD™), with 
minimal injury to the normal renal artery intimal and medial 
layers, in a porcine model. The ability to target and deliver a 
neurolytic agent to a deep peri-adventitial space may allow 
more complete renal denervation than might be easily, or 
safely obtained using energy-based systems from within the 
renal artery. 

Renal denervation may prove to be a valuable interven- 
tion to treat severe hypertension as well as a number of other 
conditions that may be driven by sympathetic imbalance, or 
“overdrive.” Denervation of the renal artery has been shown 
to be effective in the treatment of refractory and drug- 
resistant hypertension [4—7], and possibly in the treatment of 
congestive heart failure [20], central obstructive sleep apnea 
(21, 22], left ventricular hypertrophy [23], metabolic syn- 
drome [24, 25], chronic kidney disease [26, 27] and in 
patients with atrial and/or ventricular arrhythmias [28, 29]. 
There is a need to develop and evaluate the safest and most 
effective methods to perform renal denervation. 

The drug-delivery catheter used in this study is a novel 
endovascular delivery device that contains three distal nee- 
dles housed inside of individual guide tubes, which are con- 
tained within the catheter. The catheter is used under 
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fluoroscopic guidance by a single-operator using standard 
endovascular techniques to access the vessel of choice and 
perform injection into the adventitial and peri-adventitial 
space of that vessel. The radio-opaque micro-needles are 
deployed with minimal trauma to the normal renal arterial 
wall and to target delivery in the adventitial and peri- 
adventitial space. There is no obstruction of renal blood flow 
during the deployment of this device. The device was very 
simple to use, with catheter positioning and denervation being 
performed in less than 2 min from the time that the catheter 
entered the renal artery via the guiding catheter in virtually all 
cases. There were no device-related complications. 

The known neurolytic agent, Dehydrated Alcohol 
Injection, USP (ethanol — EtOH, 98 %), was chosen for the 
evaluation of the drug-delivery catheter used in this study 
[30-34]. Ethanol is indicated and FDA approved for thera- 
peutic neurolysis, and produces injury to tissue cells by 
dehydration and by precipitation of protoplasm. At very low 
doses, ethanol is known to produce neuritis and nerve degen- 
eration (neurolysis). Deliberate injury to nerves by the tar- 
geted injection of ethanol results in more or less enduring 
block of sensory, motor and autonomic function [29-33]. 

As seen in this study, the dose of ethanol that is effec- 
tive to create nearly complete renal sympathetic neuroly- 
sis involves a dose that is so small that it will produce no 
apparent systemic effects. Even when double the expected 
therapeutic dose of 0.3 ml EtOH was purposefully injected 
directly into the renal artery, we could not detect any signs 
of renal toxicity. Even at the highest dose used in this 
study (0.60 ml), contains less alcohol than a single alco- 
holic drink. 

The porcine renal denervation model has been well char- 
acterized, and does appear to predict the efficacy in the treat- 
ment of refractory hypertension in human subjects. In this 
study it was possible to verify, and quantify denervation of 
the kidneys by measurement of the renal parenchymal levels 
of the neurohormone, norepinephrine (NE). We further vali- 
dated the neurohormonal effects of ethanol-mediated dener- 
vation by using careful, and blinded histological examination 
of both treated and sham controlled arteries. 

The histopathology demonstrated profound and circum- 
ferential renal sympathetic nerve damage, with nearly com- 
plete sparing of the normal intimal and medial architecture 
of the renal artery, using doses of 0.15-0.60 ml of EtOH/ 
artery. Evaluation at this time point indicates normal arterial 
healing, although evaluation at longer time points is needed 
to more fully evaluate safety. 

At ethanol doses of 0.30 and 0.60 ml there was essentially 
complete denervation, as judged by the 78 % and 88 % 
reduction in renal parenchymal norepinephrine levels, 
respectively. These reductions observed with 0.30 and 
0.60 ml EtOH are substantially equivalent to the reduction 
seen with surgical denervation in a porcine model. 


T.A. Fischell et al. 


Despite the reasonable efficacy of both the first and next 
generation RF and ultrasound catheters [3-7], there are a 
number of potential limitations, and safety concerns associ- 
ated with the use of transmural thermal injury using either 
RF or ultrasound, traversing the intimal and medial layers of 
the renal artery. In order to create thermal injury to the sym- 
pathetic nerves that may run from 2 to 10 mm deep to the 
intimal surface [15—18], there will be collateral damage to 
the intimal and medial layers of the renal artery wall. The 
ability to predictably damage the renal sympathetic nerves in 
a dose-dependent fashion, using very low volumes of EtOH 
delivered in the adventitial space may have a number of 
potential advantages over energy-based systems. 

The concerns and limitations of transmural, thermal- 
injury catheters, that could potentially be overcome with 
chemical neurolysis, include: (1) potential failure to ade- 
quately denervate deeper nerve fibers due to the heat sink 
as the thermal injury traverses the renal artery wall, result- 
ing in “non-responders” and/or an inadequate BP lowering 
response (See Fig. 13.6) [4, 6, 7, 9], (2) failure to create 
circumferential nerve ablation such that many nerves pass 
uninjured to the kidney, resulting in suboptimal efficacy [4, 
6, 7, 34], (3) intense pain related to thermal ablation requir- 
ing high doses of benzodiazepines in combination with very 
high doses of narcotic analgesia, with attendant respiratory 
depressive effects and the risk of prolonging hospitalization 
[4-10], (4) the risk of luminal thrombus formation on the 
endoluminal surface at sites of thermal “burn” injury, with 
the subsequent risk of downstream thrombo-embolization 
and potential for renal injury [15], (5) large volumes of con- 
trast use injected directly into the renal arteries bilaterally 
during repeated positioning of a unipolar electrode RF sys- 
tem, with the potential risk of contrast induced renal injury, 
(6) long case duration with high levels of radiation exposure 
to the patient and the operator [4-11], (7) the expense of pur- 
chasing and maintaining complex capital equipment required 
to perform RF and/or ultrasonic ablation, and finally, (8) the 
risk of provoking neointimal hyperplasia and/or negative 
remodeling from transmural thermal arterial injury, which 
may result in subsequent renal artery stenosis and recurrent 
hypertension [16, 17]. 

In addition, a recent study by Meier and colleagues, they 
have found that ~45-50 % of patients with refractory hyper- 
tension have renal anatomy that is not suitable for energy- 
based “burning” denervation systems. The large majority of 
these cases could, in theory, be treated with the current 
Peregrine™ chemical denervation catheter, since this device 
can treat 3.5-7 mm diameter arteries, only requires a 2-3 mm 
landing zone for the operational piece of the catheter, and 
can perform denervation in ~1.5—2.0 min per artery. 

Although the limitations of thermal ablation for renal 
denervation are real, and the very early clinical use of the 
Peregrine™ device appears promising, it remains to be 
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Fig. 13.6 Display of theoretical advantages of chemical EtOH dener- 
vation versus RF ablation in depth and extent of sympathetic nerve dis- 
ruption. Left panel depicts sympathetic nerve distribution as function of 
depth from intimal surface in pressure fixed human renal arteries from 
presentation from Dr. Renu Virmani. On right is cartoon depicting pre- 
dicted and reported depth of nerve disruption using RF (2.5 mm from 


determined how effectively chemical denervation with 
EtOH, and the use of this novel drug delivery catheter might 
overcome each of these drawbacks. 


Limitations 


There, of course, remain a number of unanswered questions 
regarding the long-term safety and efficacy of ethanol medi- 
ated renal denervation. It should be appreciated that renal 
parenchymal norepinephrine is only a surrogate marker for 
efficacy in patients. The exact correlation between drops in 
renal parenchymal norepinephrine levels and antihyperten- 
sive efficacy in humans has not been definitively correlated. 

Although these data from the porcine model and the first 
in human experience are encouraging, the true safety and 
efficacy of ethanol mediated perivascular renal denervation 
will need to be validated in long-term clinical trials. 


Summary 


In summary, we report the first use of adventitial and peri- 
adventitial, local delivery of very low doses of dehydrated 
EtOH to perform successful renal sympathetic denervation in 
a porcine model. Circumferential and deep peri-adventitial 


Net area covered by PVRD = 137 mm? 
Fischell et al, Eurolntervention, 2013[19] 


Net area covered by RF = 25 mm? 
EuroPCR, 2013 


intima; blue circle) vs. EtOH when delivered as 0.30 ml into adventitia 
using the Peregrine™ device (green circle; 10-14 mm depth from 
intima). Overall it is estimated that the cross-sectional area of nerve 
disruption is potentially six to seven times greater with chemical neu- 
rolysis using EtOH as compared to RF delivered from the intimal 
surface 


delivery of very low doses of EtOH has the potential to be a 
simple, safe, predictable and appealing alternative to energy- 
based systems to achieve substantial, and dose-dependent 
renal denervation, with minimal injury to the normal renal 
arterial wall. Ongoing clinical trials demonstrate that this 
device and method can be used safely in patients and with 
essentially no pain during renal denervation. Further clinical 
evaluation and longer term follow-up will be required to deter- 
mine the role of alcohol renal denervation using the Peregrine™ 
system in treating patients with refractory hypertension. 
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Konstantinos Toutouzas, Andreas Synetos, 
and Christodoulos Stefanadis 


The contribution of renal sympathetic nerve activity to the 
development and progression of resistant hypertension, has 
been convincingly demonstrated in both preclinical and 
human experiments. Preclinical experiments in hypertension 
models of hypertension [5, 6, 14], have successfully used 
renal denervation as both an experimental tool and a thera- 
peutic strategy, but even earlier, in the absence of appropriate 
drugs to pharmacologically reduce blood pressure in severely 
hypertensive patients, therapeutic splanchnicectomy and 
even radical surgical sympathectomy were used since the 
1930s. These surgical techniques have been abandoned due 
to their severe side effects. Recent studies have further inves- 
tigated the close relationship between kidneys and brain, and 
gave light to some important parameters of this transaction. 
Low frequency stimulation of the sympathetic system 
resulted in renin excretion only, intermediate frequency 
stimulation results on decreased urinary sodium excretion 
and high frequency stimulation, results on direct renal artery 
vasoconstriction, decrease in renal blood flow and decrease 
glomerular filtration rate [2, 5, 10]. 

Nowadays, recently-developed endovascular catheter 
technology enabled selective denervation of the human kid- 
ney, with radiofrequency energy delivered to the renal artery 
wall, targeting the renal nerves located in the adventitia of 
the renal arteries. Early clinical results demonstrated the effi- 
cacy of this technique in producing renal denervation and 
significant reductions in blood pressure over a 18 month 
period [9, 10, 15]. During the last years, the use of different 
systems of renal sympathetic denervations, has raised several 
questions regarding the safety and more recently, the efficacy 
of the method. One of the major disadvantages of the method 
is that is painful, so that the patient has to be treated with 
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painkillers or have a slight sedation during the process. More 
importantly, there is no evidence regarding the long term 
efficacy of the method, since it is well known that renal sym- 
pathetic efferent nerves in kidney and heart transplant mod- 
els can regenerate. In some cases, the use of ablation catheters 
has been associated with other complications such as tran- 
sient intraprocedural bradycardia, post-procedural hypoten- 
sion, urinary tract infection, Paresthesias and renal artery 
stenosis [9, 10, 13, 15]. However the most important concern 
regarding this method, emerged over the past few months, 
when the SYMPLICITY HTN-3 study, the most rigorous 
renal denervation clinical trial conducted to date, and the first 
of its kind to include a sham-control group, failed to meet its 
primary goal [20]. The goal was to enroll patients who had 
severe drug-resistant hypertension — office values of 
160 mmHg or higher on at least two occasions while on at 
least three drugs at maximum tolerated doses, including a 
diuretic. However, about two out of three patients initially 
involved in the SYMPLICITY HTN-3 trial never made it to 
randomization because their blood pressure medication 
wasn’t optimum, while optimization of that regimen knocked 
out a number of people from the actual trial itself. 

All the previously mentioned concerns, gave rise to new 
ideas and new alternatives that shared the same target: The 
renal sympathetic system. These new approaches include 
ultrasonic ablation, barodenervation and chemical denerva- 
tion [17, 24-27]. 

Chemical denervation refers to an alternate approach to 
induce renal sympathetic nerve injury through the delivery 
of neurotoxins. Previously used agents such as guanethidine, 
had some initial good results. Guanethidine exerts its action 
after local delivery with the use of the Bullfrog microinfu- 
sion catheter that is designed to inject therapeutic agents 
directly through the arterial wall and into the perivascular 
tissues. Systemic guanethidine administration is known to 
have reversible interference with the transmission of neural 
pathways, while local its administration induces autonomic 
denervation directly and through an immune-mediated path- 
way [18]. In an experimental study, perivascular renal artery 
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Fig. 14.1 Chemical structure of vincristine 


delivery of salicylic acid, hypertonic saline and paclitaxel, 
were capable of performing renal denervation that was 
assessed by depletion of renal noradrenaline [4]. In this 
chapter we will concentrate on the renal sympathetic system 
denervation that is performed by local administration of 
vincristine. 


Vincristine 


Vincristine is a vinca alkaloid from the Catharanthus roseus 
(Madagascar periwinkle). It is a mitotic inhibitor, and is used 
in cancer chemotherapy. Vincristine is created by the cou- 
pling of indole alkaloids vindoline and catharanthine in the 
vinca plant (Fig. 14.1). Vincristine is widely used in the 
treatment of lymphoblastic leukemias, malignant lympho- 
mas, multiple myelomas, and a number of other malignan- 
cies [11]. Moreover, vincristine has potent irreversible 
neurotoxicity by causing giant axonal swellings and second- 
ary demyelination of the paranodal type mainly in the proxi- 
mal portions of the peripheral nerves outside the spinal canal 
[1, 7, 8, 19, 21]. Although reduction in its total dosage and 
injection schedule, resulted in decreasing considerably, the 
incidence of severe neurotoxic effects, the induced of poly- 
neuropathy is still reported in an unpredictable number of 
cancer patients. Vincristine is unique among the chemothera- 
peutic agent that is predictably and uniformly neurotoxic to 
all who receive it [16]. In therapeutic doses, it produces 
dose-related neuropathy, very early in the course of treat- 
ment [22], and its clinical antineoplastic efficacy is limited 
by the development of a mixed sensorimotor neuropathy 
[23]. Vincristine neurotoxicity is not only dose but also dura- 
tion dependent as there is a progressive increase in the clini- 
cal and electrophysiological evidence of toxicity with 
continuing treatment [3, 22]. The symptoms usually start in 
the hands and/or feet and creeps up the arms and legs. An 
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estimated 30-40 % of cancer patients treated with chemo- 
therapy experiences these symptoms, a condition called 
chemotherapy-induced peripheral neuropathy. 

Peripheral neuropathy can be defined as a derangement in 
structure and function of peripheral motor, sensory, and 
autonomic neurons causing peripheral neuropathic symp- 
toms and signs. Vincristine induced neuropathy tend to occur 
early during therapy, whereas cisplatin-induced neuropathy 
tends to develop only after a certain cumulative dose level. In 
a study that assessed the natural course of vincristine-induced 
peripheral neuropathy in patients with lymphoma receiving 
vincristine in two different dose intensities, it was noticed 
that neuropathic changes were observed in both dose inten- 
sity groups, but the higher dose intensity group reported sig- 
nificantly more symptoms during therapy, whereas 
neurologic signs were significantly more prominent after a 
cumulative dose of 12 mg vincristine. Furthermore, off- 
therapy worsening of symptoms (24 %) and signs (30 %) 
occurred [30]. 

The way of action of vincristine on the peripheral nerves 
(demyelination) was depicted in many experimental studies. 
In a study that assessed vincristine neurotoxicity in experi- 
mental animals from clinical, electrophysiological, and his- 
tological points of view, 65 rats were used as a control group 
and 31 rats were divided into two groups and given vincris- 
tine in two different regimens: the fixed-dose group (0.2 mg/ 
kg) and the increasing-dose group (0.1 mg/kg, by an incre- 
ment of 0.05 mg/kg/week). Vincristine was given intraperi- 
toneally once weekly for 5 consecutive weeks. Progressively 
with the treatment, an increasing number of rats showing 
signs of neurological deficits were observed. During the first 
5 weeks of this study, electrophysiological testing showed a 
nonsignificant difference in the conduction velocities of sci- 
atic and tail nerves between the control and the treated 
groups, whereas a significant decrease in the amplitude of 
the sensory nerve action potential and compound muscle 
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Fig. 14.2 The first catheter used for the local delivery of vincristine. Itdelivers vincristine to the media layer of the renal artery with a random 
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action potential of the tested nerves was recorded. The reduc- 
tion in the amplitude of the action potential was associated 
with histological changes characterized by axonal degenera- 
tion with relative demyelination [12]. 

This important side effect of vincristine, created the 
hypothesis that this agent can cause irreversible demyelin- 
ation and therefore denervation of the renal sympathetic sys- 
tem when applied locally in the media layer of the renal 
artery. This hypothesis has been tested both in experimental 
models and in humans. 


Experimental Models 


The first attempt that proved that local delivery of vincristine 
in a safe concentration is safe and effective and can cause 
chemical denervation of the sympathetic nervous system of 
the renal artery was performed in 2011. A dedicated catheter 


for the local delivery of vincristine in the media layer or the 
renal artery was created in the laboratory of the First 
Department of Cardiology of the University of Athens. This 
catheter consisted of a modified conventional non-compliant 
balloon angioplasty catheter. Six sideholes of 25 um diameter 
were created circumferentially across the balloon in fixed 
intervals of 60°. The catheter was checked in vitro so that dif- 
ferent balloon inflation pressures could create different pres- 
sures of vincristine delivery (Fig. ). The experimental 
model chosen for this protocol were 14 juvenile Landrace 
swine (3—5 months old, weight 28 +0.5 kg). In order to visual- 
ize under fluoroscopy the process, a mixture of vincristine was 
diluted to a final concentration of 25 mg/l in a mixture consist- 
ing of 20 ml of sterile 0.9 % NaCl solution and 20 ml of con- 
trast. The mixture used for the placebo procedure, contained 
20 ml of sterile 0.9 % NaCl solution and 20 ml of contrast, 
without the addition of vincristine. The protocol of the proce- 
dure was the following: The experiment was performed with 
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the animals under general anesthesia, with continuous moni- 
toring of the vital signs. The trachea was intubated with a 
6.5-7.0 mm cuffed tracheal tube and ventilation was per- 
formed via a mechanical respirator. General anesthesia was 
maintained via 1-2 % isoflurane and oxygen. After the inser- 
tion of a 6 Fr introducer sheath though the right femoral artery, 
an initial (reference) angiogram was performed in both renal 
arteries using a 6 Fr Judkins Right four guiding catheter in 
order to evaluate the preprocedural anatomy of the arteries and 
define the desired segment of the renal artery for chemical 
denervation. The femoral catheter was used to obtain blood 
samples and to monitor systolic arterial pressure, diastolic 
arterial pressure mean arterial pressure and heart rate before, 
immediately after and 28 days after the procedure. The sys- 
tolic arterial pressure, diastolic arterial pressure, mean arterial 
pressure and the heart rate, derived from pulsatile arterial pres- 
sure, were recorded continuously during the procedure. After 
the canulation of the renal artery with the JR4 guiding cathe- 
ter, a guidewire was advanced to the distal segment of the renal 
artery and the modified balloon catheter was advanced in the 
main branch of the renal arteries. In order for the modified 
catheter to produce enough pressure to the media layer of the 
renal artery, and to cause small dissections so that the agent 
can pass through the media layer and reach the sympathetic 
nervous system of the renal artery, the diameter of the balloon 
for both treated and control segments was selected on a 1:1 
ratio according to the diameter of the target vessel. The non- 
compliant balloon was then inflated at 20 atm to cover the tar- 
get segment, using the mixture containing vincristine, allowing 
for delivery of vincristine into the vascular wall. The inflation 
was interrupted when a total of 4 ml of the mixture, that con- 
tained 0.1 mg of vincristine was delivered. The procedure was 
then repeated in the contralateral renal artery using the pla- 
cebo mixture for inflation. All angiograms before and after the 
procedure were recorded on video and blood samples were 
drawn before, immediately after and 28 days after the proce- 
dure in order to determine serum creatinine levels. After the 
completion of the initial procedures, in all animals delivery of 
vincristine and placebo mixtures was successful and uncom- 
plicated, with no acute or short-term complications related to 
the intervention. Moreover the safety for the renal function 
was proved by the fact that serum creatinine was 1.37+0.12 mg/ 
dl before the procedure, 1.41 +0.09 mg/dl after the procedure, 
and 1.36+0.24 mg/dl 28 days after the procedure (p = NS for 
all comparisons) [24, 27]. 

After 28 days all animals were alive for euthanasia and it 
was previously shown their kidney function was normal. 
A final renal artery angiography before euthanasia showed 
that all vincristine and placebo treated renal arteries were 
angiographically patent at the end of the procedure, without 
evidence of thrombus formation, abrupt occlusion of the arte- 
rial segments or aneurysmal dilatation of the target segments 
at the post-procedural angiography. Moreover systolic blood 


K. Toutouzas et al. 


pressure showed a significant drop between baseline and fol- 
low up at 28 days (132+34.05 versus 125+32.19 mmHg, 
p=0.024), although this was beyond the scope of this study. 

After euthanasia, both the vincristine and the placebo 
treated renal arteries were prepared for histology and immu- 
nohistology, with neuron specific enolase in order to visual- 
ize the sympathetic nerve fibers. It should be noted that 
during the harvest of the renal arteries, all renal arteries of 
both groups were patent, with no signs of thrombus. Each 
renal artery was dissected into 8 equal segments of 2 mm, 
and the sections of the vincristine treated arteries were com- 
pared to the sections of the renal arteries treated with the 
control mixture. The mean number of intact nerves in all sec- 
tions was significantly lower in the group of vincristine, 
(8.6+3.4 versus 11.7+3.1, p<0.01), showing the effective- 
ness of renal sympathetic denervation by the local delivery 
of vincristine [24, 27]. 

This was actually the first attempt to deliver locally to the 
renal artery a pharmaceutical agent, although this was per- 
formed previously in the coronary arteries, there was not any 
attempt to perform this on the renal arteries, This first attempt 
to produce renal artery denervation in an experimental model 
by vincristine, had the disadvantage that the flow rate of vin- 
cristine administration was not checked in vitro, a limitation 
that however was similar for both groups treated with vin- 
cristine or the placebo and therefore had no effect on the con- 
clusions. However this method with the catheter-based 
chemical renal denervation and had the advantage that vin- 
cristine was not only delivered to nerves in the deeper layers 
of the vascular wall through the injured intima, but it could 
also exert a direct toxic effect on the sympathetic nerve axons 
in proximity with the tubular epithelial cells, resulting in an 
enhancement of its antihypertensive effect. Despite this pos- 
sible beneficial effect, the spill out of vincristine towards the 
parenchymal renal tissue de novo raises some issues of 
safety, although these they were not observed in this prelimi- 
nary study. 

In order to overcome these limitations of the channeled 
dedicated catheter that delivers vincristine with an uncon- 
trolled flow rate, a new double balloon delivery catheters was 
tested in vitro and in the same experimental model. 

This new catheter was designed and manufactured by 
Rontis AG Switzerland, and consists of an over the wire tri- 
ple lumen catheter with two non compliant balloons at its 
distal tip. It has two differences compared to the previously 
used channeled dedicated catheter. Firstly it strongly engages 
the balloon catheter (when the balloon is inflated) in the 
renal artery allowing all the pharmaceutical mixture to be 
delivered in the media layer of the renal artery and not spilled 
out by the circulation, and secondly, it delivers the pharma- 
ceutical agent with a constant flow rate. The outer balloon is 
channeled and allows the delivery of the drug to the tissues, 
and the inner balloon, is used for the fixation of the catheter 
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Fig. 14.3 The double balloon delivery catheter for the local delivery of 
vincristine with constant flow rate 


on the arterial wall and the obstruction of the renal artery so 
that the whole vincristine will be delivered to the arterial 
wall and not washed out by the blood flow. The third lumen 
allows the use of a guidewire for the advancement of the 
catheter. The outer balloon design similarly to the previous 
catheter consisted of six sideholes of 25 um diameter, in 
fixed intervals of 60°. The injected mixture reached the arte- 
rial wall by diffusion or as a result of applied hydrostatic 
pressure. High-pressure inflation of the outer balloon cathe- 
ter, using normal saline resulted in producing a jet of the 
solution from the sideholes in jets (Fig. 14.3). 

This catheter was checked in vitro in various pressures for 
both the inner and the outer balloon, in order to assess the 
optimal inflation pressures in order to achieve a constant 
flow rate. After calculating the viscosity of the vincristine 
mixture that was 6.9 cP, the optimal pressures to achieve a 
constant flow rate of 10.11 cc/min was 2 Atm for the inner 
balloon and 6 Atm for the outer balloon [26]. 

Thereafter, the initial experiment with the local delivery 
of vincristine in the renal arteries was repeated with the use 
of the new double balloon catheter. Similarly 16 juvenile 
Landrace swine (3-5 months old, weight 27+0.5 kg) were 
used to study the effect of vincristine, and the whole proce- 
dure was repeated, via a 7F Judkins right catheter that was 
advanced though a 7F femoral sheath, and this was due to 
the increased profile of the new catheter. Both vincristine 
and the control mixtures remained the same. The assessment 
of the effectiveness of denervation was performed by immu- 
nohistology with the use of neuron specific enolase. 

The whole process was completed for animals with safety, 
and the delivery of vincristine and placebo mixtures was suc- 
cessful and uncomplicated with no acute or short-term com- 
plications related to the intervention. Serum creatinine was 
1.32+0.15 mg/dl before the procedure, 1.35+0.12 mg/dl 
after the procedure, and 1.34+0.19 mg/dl 28 days after the 
procedure. (p=NS for all comparisons), and this was indica- 
tive of the safety of the local delivery of vincristine regarding 
the renal function. On the final angiography, just before 
euthanasia, all vincristine- and placebo-treated renal arteries 
were angiographically patent at the end of the procedure. On 
immunohistology similarly to the original findings, the mean 
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number of intact nerves in all sections was significantly 
lower in the group of vincristine (1.48+0.37 versus 
4.56+0.99, p<0.001), proving the effectiveness of local 
delivery of vincristine for the demyelinating and therefore 
denervating the renal arteries. In this study, the lack of direct 
measurement of the vincristine that was delivered to the 
media of the renal arteries, is compensated by three indirect 
signs. In the angiography during the inflation of the balloons 
for the delivery of vincristine, it was evident that contrast 
was entrapped within the arterial wall after high-pressure 
inflation of the dedicated delivery system. Secondly, in the 
in vitro study, it was evident that the balloon inflation was 
correlated with the jet length and thus the force applied to the 
arterial wall, and finally, histology and immunohistology 
was convincing that the total and the mean number of nerve 
fibers of the renal arteries treated with vincristine, were sig- 
nificantly lower to the nerve fibers of the control group that 
were treated with a mixture not containing vincristine [26]. 

The direct comparison of the two methods for the local 
delivery delivery of vincristine, a head to head comparison of 
the two catheters (the one with a constant flow rate of deliv- 
ery and the other with a random flow rate delivery) was per- 
formed in an experimental model that used ten juvenile 
Landrace swine (3—5 months old, weight 29.9+ 1.6 kg), that 
underwent renal artery denervation by vincristine by both 
catheters. After the introduction of a sheath into the right or 
left femoral artery and the advancement of a guidewire into 
the distal part of the right renal artery, the first delivery bal- 
loon catheter (4-5 mm in diameter, 12—15 mm in length) that 
delivers vincristine with a random flow rate was advanced in 
the proximal part of the renal artery. Then the balloon was 
inflated and the vincristine mixture was delivered locally to 
the media of the renal artery. Similarly the process was 
repeated in the contralateral renal artery, with the use of the 
double balloon catheter that delivers vincristine to the media 
with a constant flow rate. 

At 28 days after the initial procedure and just before 
euthanasia, all animals were alive indicating the safety of 
both methods. The effectiveness of denervation was assessed 
again by immunohistochemistry, and actually the sections of 
the renal artery treated with vincristine via the constant flow 
rate delivery catheter had lower expression of enolase posi- 
tive cells (sympathetic nerve fibers) compared to the sections 
treated with vincristine delivered by random flow rate 
(1.70+0.41 versus 1.48 +0.37 p=0.04) [28]. 

This findings support the known knowledge that the bio- 
logical effect of any chemical agent on vascular endothe- 
lium, such as intima hyperplasia, or dissection and 
denervation, does not depend only on the drug potency, but 
also on the properties of the local delivery (flow rate). The 
transport and the binding properties of the chemical agent 
are important for the maintenance of adequate concentrations 
in the media of the vascular wall, and this is more important 
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for hydrophobic drugs such as vincristine, that are relatively 
insoluble in the aqueous phase and bind to hydrophobic sites. 
Therefore the constant flow rate of the local delivery ensures 
the proper transport and the optimal concentration of the vin- 
cristine into the small dissections of the intima and the media 
layer of the renal artery [4]. 


First in Man Application of Renal 
Denervation by Vincristine 


The First in Man application of renal denervation with vincris- 
tine was performed to a 74-year-old male patient that was 
referred due to uncontrolled arterial hypertension. He had an 
office blood pressure of 174/104 mmHg under treatment with 
valsartan 320 mg, amlodipine 10 mg and HCTZ 25 mg as a 
fixed combination and bisoprolol 10 mg. The diagnosis of 
resistant hypertension was confirmed by the results of ambula- 
tory blood pressure monitoring that showed that the daytime 
average systolic blood pressure was 146 mmHg and average 
diastolic blood pressure was 85 mmHg. Moreover the patient 
was non-dipper, as there was no significant reduction in both 
systolic and diastolic blood pressures during the night. 

Chemical renal denervation with vincristine was per- 
formed under local anesthesia via an eight French introducing 
sheath that was inserted into the right femoral artery. After the 
insertion and advancement of an eight French guiding cathe- 
ter (Renal long, Boston Scientific, Natick, MA, USA) in the 
ostium of the left renal artery, and the performance of an ini- 
tial angiogram of the renal artery, a guidewire was advanced 
to the distal segment of the renal artery and a single balloon 
delivery balloon-catheter (5 mm in diameter, 15 mm in 
length) described, was advanced into the main branch of the 
renal artery. The dedicated balloon was inflated at 20 atm, 
using a mixture containing vincristine and contrast and the 
inflation was interrupted when a total of 4 ml of the mixture 
(containing 0.1 mg of vincristine) was delivered. The same 
procedure was performed for chemical denervation of the 
right renal artery. After the completion of the procedure 
the patient was transferred to ICU unit and was discharged 
the following day, with no signs of renal damage. Follow up, 
was scheduled at 4 weeks. The office blood pressure was 
132/80 mmHg, and the ambulatory blood pressure confirmed 
the control of blood pressure. The average SBP/DBP was 
123/72 mmHg, the day time blood pressure was 124/73 mmHg 
and the night blood pressure was 124/73 mmHg [29]. 

All the previous data suggest the safety and efficacy of 
vincristine induced renal denervation both in experimental 
models and in humans. Although data from large scaled ran- 
domized studies are absent, the decrease of the number of 
sympathetic nerve fibers located in the media layer of the 
renal arteries, that was present in all experimental studies, 
and the treatment of the resistant hypertension in the first in 
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man application of the method, strongly suggest that this 
method can give solutions in patients with uncontrolled 
hypertension. An important limitation of the method is the 
midterm follow up of the studies, so the long term duration 
of its demyelinating effect, that it was reported in clinical 
studies in patients treated for cancer, needs to be verified in 
larger studied long term follow up [7]. 
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Introduction 


Hypertension affects more than a quarter of adults in 
developed countries. In the USA, it was estimated to affect 
65-70 million people in 2012 [1-4]. Hypertension is the 
leading treatable cardiovascular risk factor directly 
responsible for seven million deaths worldwide. There are 
over one billion (1.2 billion) hypertensive patients world- 
wide and by 2025, it is thought that we will have 1.5 billion 
patients with hypertension [1, 3, 5, 6]. Up to 20 % of the 
hypertensive population have resistant hypertension [1-3] 
which is defined as uncontrolled systolic blood pressure 
despite therapy with equal or greater than three antihyperten- 
sive agents from at least three different classes including a 
diuretic. Resistant hypertension often occurs in disorders 
where there is an enhanced sympathetic drive such as obe- 
sity, obstructive sleep apnea and chronic kidney disease [7, 
8]. Resistant hypertensive patients show a strikingly greater 
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cardiovascular morbidity and mortality than controlled 
hypertensive patients [9]. 

The role of the renal sympathetic nerves in the pathogenesis 
of reno-vascular hypertension is paramount; excessive acti- 
vation of the sympathetic system contributes to the develop- 
ment and perpetuation of hypertension. Afferent and efferent 
sympathetic nerves are thought to play a critical role. Efferent 
nerves (pre- and post ganglionic) signal sympathetic inflow 
to the kidneys and stimulates renin release activating the 
Renin-Angiotensin-Aldosterone (RAS) system, which in 
turn increases tubular reabsorption of sodium and causes 
extra-cellular volume expansion. The vaso-constriction 
caused by activation of the RAS pathway further increases 
the secretion of renin which perpetuates the process leading 
to hypertension. Afferent sympathetic nerves signaling out of 
the kidney to the renal artery plexus, celiac plexus, and sym- 
pathetic trunk, into the central nervous system, modulate 
central sympathetic tone and contribute to maintaining the 
neurogenic elevation of blood pressure [10, 11]. It is felt that 
up-regulation of the sympathetic nervous system is particu- 
larly important in resistant hypertension [12]. 

Sympathetic renal denervation’s impact on reduction of 
hypertension has been recognized for many decades from the 
surgical literature. Most recently renal denervation (RDN) 
has been shown in unblinded studies (SYMPLICITY HTN-1 
and 2) to be effective in reducing blood pressure in 85 % of 
patients with resistant hypertension with follow up to 3 years 
[13, 14]. Some patients have been excluded from arterial 
based device trials for multiple reasons, abnormal renal artery 
anatomy, renal aneurysms, renal stents, or severe kidney dis- 
ease. Renal arteries are not always easily cannulated. 
Anatomical abnormalities such as acute angles of the take off 
of the renal artery, short renal artery, or no-common renal 
artery trunk, might make it impossible to perform arterial 
based RDN. Furthermore, there is variability in renal artery 
diameter; it may vary between 2 and 8 mm. Because of these 
issues, not all vessels can be treated with the currently avail- 
able devices. One of the devices, the Medtronic-Ardian renal 
denervation device studied in the SYMPLICITY trial, 


125 


126 R.R. Heuser et al. 


Anterior vagal trunk 


Celiac ganglia and plexus 
Lesser thoracic splanchnic nerve 
Superior mesenteric ganglion 
Least thoracic splenchnic nerve 
Aorticorenal ganglion 
Renal plexus and ganglion 
2nd lumber splenchnic nerve 


Renal and upper ureteric branches 
from intermesenteric plexus 


Intermesenteric (aortic) plexus 


Inferior mesenteric ganglion 
Sympathetic trunk and ganglion 
Middle ureteric branch 


Superior hypogastric plexus 


Sacral splanchnic nerves 
(branches from upper sacral 
sympathetic ganglia to 
hypogastric plexus) 

Gray ramus communicans 
Hypogastric nerves 


Sacral plexus 


Pelvic splanchnic nerves 

Inferior hypogastric (pelvic) plexus 
with periureteric loops and 
branches to lower ureter 
Rectal plexus 


Vesical plexus 


Prostatic plexus 


Fig. 15.1 Illustration of renal enervation. The netter collection of medical illustrations, volume 6, kidneys, ureters, and urinary bladder, page 27 
(With permission from Elsevier, Health Sciences Division) 


currently requires a procedural time greater than 45 min many as 20-30 % of patients are non-responders [14]. It is not 
which can result in increased exposure to contrast and radia- clear if this non response is due to a lack of destruction of suf- 
tion. RDN procedural outcomes may not be known until at ficient efferent or afferent nerve fibers, or other factors. Intra- 
least 15 days of follow up, and more recent studies suggest as arterial renal denervation is believed to primarily affect 
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NATURAL ORIFICE RENAL DENERVATION 


Fig. 15.2 The radiofrequency generator used for the Verve Medical 
device (Reprinted from Heuser et al. [17] with permission from Europa 
Digital and Publishing) 


NATURAL ORIFICE RENAL DENERVATION 


Fig. 15.3 The monopolar radiofrequency electrode catheter for deliv- 
ery to the renal pelvis (Reprinted from Heuser et al. [17] with permis- 
sion from Europa Digital and Publishing) 


efferent nerves. There are other sources of enervation to the 
kidneys other than nerves that parallel the renal arteries 
(Fig. 15.1). There seems to be increased concentration of 
afferent sympathetic nerve fibers in the hilum of the kidney 
adjacent to the renal pelvis. 

Verve Medical has developed NephroBlate™, a proprie- 
tary RF catheter system which can be introduced trans- 
urethrally to the renal pelvis, exploiting the proximity of the 
renal nerves to the renal pelvis with standard urologic 
techniques [15] (Figs. 15.2 and 15.3). It has been shown in 
the pelvic location, both efferent and afferent nerves are 
located and intertwined within the multiple layers of the 
renal pelvic wall [16]. This procedure is not restricted by 
anatomic variances of the artery and does not necessitate 
utilization of intra-arterial contrast. If contrast is adminis- 
tered, it will be delivered in a retrograde manner and not 
systemically (Fig. 15.4). The procedure can be performed in 
patients with bleeding diathesis without treatment with 
antiplatelets agents or heparin. 

The Verve Medical system consists of a monopolar 
radiofrequency electrode catheter and a low power 50 W cus- 
tom radiofrequency generator which monitors and regulates 
power, temperature, time and impedance. A standard 0.035 
guidewire is delivered into the renal pelvis under direct 
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Fig. 15.4 Fluoroscopic image of the device in a swine’s renal pelvis 
(Reprinted from Heuser et al. [17] with permission from Europa Digital 
and Publishing) 


vision through the working channel of a cystoscope. The 9f 
catheter is then threaded over a standard 0.035 guidwire into 
the renal pelvis, distal to the UPJ and proximal to the calyces. 
The electrode array is located at the distal end of the catheter 
and radially expands to contact and dilate the renal pelvis. 
Low power, <10 W, monopolar energy is delivered from the 
generator through the electrodes into the renal pelvic wall for 
4—6 min ablating the residing afferent and efferent nerves 
(Figs. 15.2, 15.3 and 15.4). 


Methods and Results 


Sixteen female domestic swine weighing 60-65 kg under- 
went bilateral renal denervation via ureteral access. Sixteen 
other similar animals were used for control. In each of the 
groups, three animals were euthanized immediately after 
delivery of RF energy; five animals at 7 days, six animals at 
14 days and two animals at 30 days. Renal cortical tissue was 
harvested and Norepinephrine (NE) levels were measured 
using HPLC in all groups of animals. Histopathology of the 
treated zone was performed to confirm nerve damage. 
Animals were fasted overnight then sedated with 
Ketamine, intubated, and maintained on Isoflurane anesthe- 
sia throughout the procedure. No anticoagulant was adminis- 
tered. A ventral midline laparotomy was performed to expose 
the urinary bladder. A 5 cm incision was made in the ventral 
aspect of the bladder to access the ureteral orifice. The Verve 
Medical device was passed retrograde over a 0.035” guide- 
wire from the bladder to the renal pelvis and RF ablation was 
performed. Treatment time/temperature algorithms were 
established with a range from 1 to 12 min and temperatures 
from 55 to 90 °C. The procedure was repeated in the contra- 
lateral kidney. In two animals, RF energy was not applied to 
the contralateral kidney (sham procedure). The device was 
not passed into the contralateral kidney. The urinary bladder 
and laparotomy were closed and the animals were allowed to 
recover from anesthesia. Bilateral pyelogram, ureterogram, 
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Fig.15.5 Reduction from baseline of norepinephrine in the swine model post-intrapelvic RF ablation. Note that the data are per kidney (Reprinted 
from Heuser et al. [17] with permission from Europa Digital and Publishing) 


and renal angiography were performed to insure no proce- 
dural related injury to the renal pelvis, ureters or the renal 
arteries. Immediately following euthanasia renal cortical tis- 
sue was harvested for determination of tissue norepinephrine 
concentration by High Performance Liquid Chromatography 
(HPLC) (Fig. 15.5). The kidneys were then perfusion fixed 
for histopathologic analysis (Fig. 15.6). In all animals there 
was a reduction of NE levels compared to control samples. 
Mean reduction of norepinephrine levels was 57 %, com- 
pared to control (Fig. 15.5). Histopathology confirmed nerve 
ablation in the treated zone with no parenchymal or vascular 
thermal injury. 

With these results, we developed a protocol to treat a 
small number of patients (n=3, four kidneys) undergoing 
elective nephrectomy at Muljibhai Patel Urological Hospital 
in Nadiad, India. After submission to the hospital institu- 
tional review board and after patient informed consent we 
treated three patients with chronic kidney disease (two with 
nephrolithasis, one with end stage kidney disease from poly- 
cystic kidney disease (PKD)). The patients were treated on 
the side which was planned for elective nephrectomy. One 
patient (PKD) was pre-renal transplant and had both kidneys 
were treated. The RDN treatment was done under general 
anesthesia. One week after transurethral RDN treatment 
(Fig. 15.7a, b), the previously planned nephrectomy was per- 
formed. The procedure time was between 9 and 15 min. The 
procedures were well tolerated and no adverse effects were 


Fig. 15.6 (a) Image shows the relation to the surrounding renal pelvis 
tissue. Not all nuclei are damaged. (b) High power showing severe 
nerve injury with necrosis of endoneural cells and perineural thermal 
injury. Not all nuclei are damaged (From Heuser et al. [17] with permis- 
sion from Europa Digital and Publishing) 
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Fig. 15.7 (a) Verve’s NephroBlate™ 
(From Verve Medical with their 
permission) (b) NephroBlate™ 
Catheter — Fluoroscopic View — with 
wings extended 


Ablation 
zone 


Fig. 15.8 Explanted human kidney 7 days post treatment (From Verve 
Medical with their permission) 


recorded. The histopathological results on the treated kidney 
in all cases showed a significant destruction of the peri-pelvic 
nerves from the renal pelvic space to the serosa (1.75 mm) 
(Figs. 15.8, 15.9, 15.10, 15.11, 15.12, 15.13, 15.14 and 
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Fig. 15.9 Tissue sectioning for pathology (From Verve Medical with 
their permission) 


15.15). With a virtual elimination of the afferent and efferent 
nerves in the treated area and no change to the nerves in the 
control (untreated) segments in the histopathologic 
specimens, we proceeded with our clinical studies on 
resistant hypertensive patients. 
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Fig.15.10 Histopathology sampling zones (From Verve Medical with 
their permission) 
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Fig. 15.11 Pelvis wall — distal to ablation zone (Control) (From Verve 
Medical with their permission) 


R.R. Heuser et al. 


With the above data, we proceeded with our clinical trial 
after Ethics Committee approval. Four patients were treated 
via trans-urethral approach under general anesthesia. The 
catheter was introduced via 9FR sheath. The RF energy was 
applied for 6 min, 70° Centigrade, 5 W. The operating room 
(OR) time ranged from 16 to 25 min. All patients had 
Double-J Stent placed post procedure as a precaution, and 
were removed 2 weeks later. The patients characteristics 
pre-procedure: 

e Systolic BP Ave 172 mmHg 
e eGFR Ave 82.4* ml/min/1.7 
e Creatinine Ave 1.03* ml/dL 
e (*Average not including the end-stage renal disease 

ESRD patient). If the ESRD patient data is included, 

the average systolic BP is the same (172 mmHg, 

GFR 65.02 ml/min/1.73 m?, and Serum Creatinine is 

1.80 mg/dL). 

The inclusion criteria included: Office systolic blood 
pressure (SBP) >160 mmHg (SBP>150 mmHg with 
Type II diabetes mellitus), on >2 antihypertensive agents, 
with at least one agent being a diuretic. The procedures 
were performed in India. Practically speaking, few 
patients in our demographic territory could afford any 
more than two antihypertensive agents. As in the diseased 
kidney study, the procedure was done under general anes- 
thesia. In either study, no patients received aspirin, hepa- 
rin or any antiplatelet agents. Within minutes of treatment 
of the first kidney, a blood pressure response was noted 
and following the procedure, none of the patients had sig- 
nificant pain post procedure, bleeding, or urologic com- 
plications such as perforation or stricture formation or 
obstruction. There was a mean drop in systolic blood 
pressure of 44 mmHg (Systole: 20.55; Diastole: 13.58), 
with no significant change in renal function (Fig. 15.16 
and Table 15.1). 
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Fig.15.12 Pelvis wall — distal 
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(From Verve Medical with their 
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Fig. 15.13 Treatment depth (From Verve Medical with their 
permission) 
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Fig.15.14 Pelvis wall — ablation zone (From Verve Medical with their 
permission) 
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Fig.15.15 Pelvis wall — ablation zone (From Verve Medical with their 
permission) 


Discussion 


In general terms, renal sympathetic efferent nerve activity is 
involved in renal excretion, sodium retention, reduced renal 
blood flow and peripheral and cardiovascular effects. Renal 
sympathetic afferent nerves affect central nervous drive; there- 
fore, the inhibition of renal afferent nerves is a potential target 
for RH and carries the promise that control may result in a 
subsequent decline in associated cardiovascular morbidity/ 
mortality. Targeted afferent ablation could not only reduce 
blood pressure, but could ameliorate organ specific damage 
caused by chronic sympathetic over activity. 

When one considers renal disease, the concept of renal 
denervation is an intriguing theoretical approach. There is 
increased sympathetic activity with progressive deterioration of 
renal function [17]. There is microneurographic evidence of 
increased sympathetic activity in chronic renal disease [18-21]. 

Recent studies have shown that chronic kidney disease 
occurs in over one-half of the individuals born in the United 
States in their lifetime [22]. Studies of arterial RDN 
approaches to these patients have not only occurred, but have 
been effective. One series in patients with end stage renal dis- 
ease, however, revealed that 25 % of patients attempted to 
be treated with the arterial approach with RDN could not be 
treated because of severe arterial disease [23]. This could be a 
real niche for a non-vascular device such as the Verve device. 

Clearly, this is a small clinical sample of patients with resis- 
tant hypertension. Further human trials will need to confirm 
the efficacy and safety of the NephroBlate™ renal denervation 
system. The device may allow treatment of patients with arte- 
rial anatomic abnormalities. For instance, only 55 % of patients 
have a single hilar renal artery [24]. Limitations of the current 
vascular approaches for RDN include the possibility of renal 
artery anomalies, inappropriate vessel size or vessel origina- 
tion from the aorta, previous stents, aneurysms, bifurcated 
renal arteries or renal insufficiency. With the vascular approach, 
complications are rare, but do occur (2.6 %) [25]. Because of 
where the vascular RDN applies the RF energy, we suspect that 
the efferent nerves are preferentially ablated. It is thought that 
the efferent nerves can anatomically regrow after renal dener- 
vation. Furthermore, it is believed that the afferent sympathetic 
nerves have a greater impact on the activation of the RAS path- 
way [26-28]. There seems to be a preferentially increased con- 
centration of the afferent nerves adjacent to the renal pelvis. 

Some unique potential problems with the arterial approach 
have been described by new imaging techniques. Optical 
coherence tomography was performed pre and post renal 
nerve ablation in 32 renal arteries in patients with treatment 
resistant hypertension [28]. Vasospasm occurred more often 
after RDN than before (0 % vs. 42 % p<0.001) [28]. A 
decrease in renal artery diameter after RDN was documented 
with the EnligHTN™ device (4.69 +0.73 vs. 4.21 +0.88 mm 
p<0.0012). This was also seen with the Medtronic-Ardian 
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Table 15.1 Kidney function: 1 month follow up. Consistent results; 
minimal change (From Verve Medical with their permission) 


GFR (ml/min/1.73 m?) 
Pre % Change 
65.02 6.0 % 


Serum creatinine (mg/dL) 


Pre % Change 
1.80 —0.8 % 


Post 
1.79 


Post 
61.13 


SYMPLICITY device (15.04+0.66 vs. 4.55+0.88 mm 
p<0.001). Intimal edema was noted in 96 % of cases after 
RNA. Thrombus formation occurred 67 % vs. 18 % p<0.001 
(after vs. before). Whether this is clinically relevant is 
unknown, but we definitely need to consider antiplatelet 
therapy with the arterial approaches [26]. 

Treatment of patients who have renal insufficiency that 
preclude contrast utilization during the procedure and treat- 
ment of patients with previously placed renal stents could be 
unique advantages of the NephroBlate™ renal denervation 
system. It is enticing to consider applications in patients who 
otherwise are not candidates for renal denervation the cur- 
rent available technology at this time. In a general hyperten- 
sive population, patients do not achieve blood pressure 
control in 28-53.1 % of cases [1] and future applications 
could be in patients with mild hypertension only, heart fail- 
ure medication intolerant patients, diabetic patients, patients 
with sleep apnea or even patients with metabolic syndrome. 
In contrast to other devices, the NephroBlate™ device does 
not require the operator to reposition the ablation catheter to 
multiple sites for treatment. It is possible that only a single 
ablative treatment in each renal pelvis is needed. The device 
is delivered using standard urologic techniques and the pro- 
cedure could be performed with cystoscopy and ultrasound 
in an outpatient or possibly an office setting. 

It is conceivable that the treatment of efferent and afferent 
nerves which are in close proximity to the NephroBlate™ 
catheter may require less energy delivery with lower tem- 
peratures than current RF, Ultrasound, or other energy based 
systems. It is also possible the monopolar RF catheter may 
also reduce procedure time compared to arterial delivery 
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systems. Because the NephroBlate™ catheter ablates the 
nerves within the pelvis which are predominantly afferent 
nerves [16], there may be a more direct effect on the sympa- 
thetic nervous system in patients with pelvic directed RDN. 

Possible unique applications of the non-vascular approach 
in a resistant hypertensive patient would include the follow- 
ing clinical scenarios: 
e Patients with existing disease or anatomic anomalies 
e Patients who have failed arterial approaches 
e Patients with severe chronic kidney disease who are more 

prone to contrast nephropathy 
e Patients who might need physiologic “nephrectomy” 
e Renal transplant patients with severe high blood pressure 

(treatment the existing non- functioning kidney) 
e Patients with antiplatelet intolerance or 

disorders 

Nonresponders from the Symplicity Trial have averaged 
about 15 %, but in some other studies the number has been as 
high as 50 % [29]. Those with the most severe hypertension 
seem to be the biggest responders. Most studies have had 
only short follow up; in fact, less than 70 % of studies pub- 
lished have had at least 6 month follow up. Although in some 
studies, efficacy has been shown to be up to 36 months, the 
size and durability of the antihypertensive effect, long term 
safety and hard cardiovascular and renal endpoints still need 
to be verified before denervation is established as an approved 
technique. Currently, the overall duration of the procedure 
and associated discomfort and pain requiring sedation is an 
issue and bradycardia can occur in 13 % of the cases [30, 
31]. Inconsistency and unpredictably is further aggravated by 
the absence of actual renal enervation direct measurements 
as the procedure offers no acute endpoint on the treatment 
outcome during the intervention [31]. 

It has been suggested that over the next two decades up to 
50 % of the adult population will be diagnosed with 
hypertension [1]. We do need other approaches to treat these 
patients. New devices, however, need to be safe, effective 
and durable. Patients with renal anomalies; stents, aneu- 


bleeding 
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rysms, multiple arteries, difficult access patients need ther- 
apy. Patients who have renal insufficiency should be able to 
be treated without risk of contrast nephrotoxicity. We should 
be able to treat patients who have not responded to arterial 
treatments. A certain percentage of patients have aspirin 
intolerance or allergy may also need treatment for resistant 
hypertension [32]. Patients with bleeding disorders would be 
unlikely candidates for RDN using the arterial approach. 
Clopidogrel allergy occurs in 1-1.6 % of patients [33, 34]. 
With the possibility that RDN will be more widely utilized in 
the future, it would be important not to exclude these patients. 
In our clinical experience, the blood pressure response was 
immediate and maintained at 3 month follow up. Further 
studies will need to be conducted to see if this continues, and 
if it does and since the procedures were performed under 
general anesthesia, a sham control would probably not be 
necessary to confirm success since with anesthesia the pla- 
cebo affect is minimized if not eliminated. A serious limita- 
tion in all the other devices is the lack of immediate feedback 
of success is eliminated. Ideally, this should be able to be 
performed as an outpatient procedure. The procedure should 
be done fairly quickly with minimal pain to the patient. 


Limitations 


This may not be an interventional cardiology procedure. It 
may be performed by urologists since cystoscopy must be 
utilized for access. The catheter is a 9F system which is a 
normal French size for urologists who perform catheter pro- 
cedures routinely utilizing an 0.035” wire. Perhaps the urolo- 
gist will perform the procedure in concert with an 
interventional nephrologist, interventional radiologist or 
interventional cardiologist in the future. Some clinical limi- 
tations of this new technique have to be described. Patients 
with nephrolithiasis, pelvic ureteral junction (PUJ) obstruc- 
tion, previous renal surgery and other obstructive/reflex 
uropathies, ascending urinary tract infections and patients 
with indwelling catheters probably would not be considered 
candidates for this approach. 


Conclusion 
Although numerous articles show renal interruption of 
the renal afferent nerves will attenuate systemic tone 
lowering blood pressure, most studies have primarily 
included treatment of efferent systems. In contrast to the 
zwidespread distribution of efferent sympathetic nerve 
fibers in the kidneys the majority of the afferent renal 
sensory nerves are located in the renal pelvic area [16]. 
As many as 44 % of patients in the Symplicity HTN-1 
and 2 trials were excluded because of clinical and ana- 
tomic study entry requirements [28]. Even with improve- 
ments in arterial devices, anatomic exclusions still occur 


(in 23 % with the Stylus device) [35]. If Verve Medical’s 
clinical experience confirms efficacy and safety, this 
approach may be one way to treat patients who cannot be 
treated with the standard percutaneous arterial devices. It 
also may have a unique application in patients with resis- 
tant hypertension and renal insufficiency because of the 
lack of utilization of systemic contrast. 
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Introduction 


Renal denervation through catheter-based ablation of renal 
nerves appears to be a promising therapy to treat resistant 
hypertension. Currently, there are several approaches in 
development to achieve ablation. These include energy- 
based approaches using radiofrequency (RF), ultrasound 
(intravascular and extra-vascular), beta-radiation and cryo- 
ablation [1-8]. All energy-based approaches are untargeted 
and have the potential to damage the vascular wall and sur- 
rounding tissue. Moreover, OCT findings have shown that 
RF probes damage the endothelial layer and cause thrombus 
formation on the intraluminal side [9]. Late stenosis in renal 
arteries have also been reported in a limited number of cases 
with RF ablation [10, 11]. In addition, energy-based 
approaches are not suitable for treating stented areas of the 
renal arteries [12]. 
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Implant-based approaches have also been suggested. 
These include baroreceptor activation therapies to modulate 
the nerves at the carotid sinus [13]. Electrical generator 
implants, designed to sense local blood pressure and send 
electrical signals to modulate baroreceptor activity, are under 
investigation. Implants mechanically stimulate the carotid 
sinus and act on the baroreceptors. Lastly, implants that 
reduce vascular resistance by making an arterio-venous 
(A-V) fistula in the iliac arteries [14] have also been clini- 
cally tested in patients with resistant hypertension. 

Agent-based therapies to treat resistant hypertension are 
also in development. These include catheter-mediated 
administration of non-targeted agents to ablate the renal 
artery tissue including ethanol and vinchristine and the 
adrenergic agent, guanethidine [15-17]. 

We believe that implant-based approaches to treat hyper- 
tension are not cost effective and that simpler and neuronal 
site-specific therapies can be developed based on targeted 
pharmacologic intervention. One such approach is to specifi- 
cally induce renal nerve cell death using targeted delivery of 
one or more neurotropic agents using a catheter-based 
approach. Focal injection of a small volume of neurotropic 
agent delivered by microneedle catheters into the wall of the 
renal arteries has been shown to induce target-specific nerve 
cell deactivation in situ. In this paper, we describe the 
approach and present results from pre-clinical experiments 
conducted and discuss preliminary results from first-in-human 
studies. 

The main objective of these studies was to demonstrate 
the feasibility of agent-based renal deactivation therapy to 
treat hypertension using Northwind agent formulations. 
Specific objectives were to evaluate the: (i) feasibility of 
delivering therapeutic amount of neurotropic agent into the 
vessel wall of renal arteries using microneedles, (ii) safety of 
the neurotropic agent, evaluated in terms of off-target cyto- 
toxicity within the renal arterial wall and surrounding tis- 
sues, (iii) efficacy of neurotropic agent, evaluated in terms of 
the ability to induce nerve block and nerve cell death, and 
(iv) efficacy of agent to reduce blood pressure, as measured 
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by a reduction in norepinephrine levels in blood and kidney 
tissue, at acute (14-day) and chronic (90-day) time points. In 
addition, the dose response of the neurotropic agent and its 
durability was also examined. 


Background 


Evidence supporting the role of the peripheral nervous 
system (PNS) in hypertension has been demonstrated in 
numerous clinical procedures involving phenol ablative 
and surgical ablation methods over past decades. The PNS 
serves as a feedback loop to transmit environmental or 
tissue-specific stress and damage signals as electrochemi- 
cal feedback messages to the central nervous system 
(CNS) to trigger various ‘flight-or-fight’ responses. As a 
component of the sympathetic nervous system, the PNS 
plays a role in the regulation of blood pressure and heart 
rate. The identity and understanding of neurotransmitters 
such as neuropeptide Y, natriuretic peptides, neuronal 
nitric oxide synthase and others and their involvement in 
cardiovascular autonomic control build upon our under- 
standing of the classical neurotransmitters involved in the 
regulation of heart rate and blood pressure, acetylcholine 
(AC) and the catecholamine, norepinephrine (NE) [18, 19]. 
In cardiac tissue, acetylcholine has an inhibitory effect and 
lowers heart rate while NE has a stimulatory effect on 
heart rate [18]. Clinically, NE is used as a vasopressive 
drug and is administered to patients with hypotension and 
shock to increase blood pressure [20]. In models of induced 
hypertension, intermittent increases in intra-renal adrener- 
gic neurotransmitter levels have been sufficient to elicit 
chronic hypertension [21]. Further, elevated NE levels are 
correlated with clinical hypertension and its reduction has 
been shown to correlate with a drop in ambulatory blood 
pressure [22]. Elevated circulating catecholamine levels 
and PNS hyperactivity are hallmark symptoms in many 
patients with essential hypertension [22, 23]. We hypoth- 
esize that interruption of the electrochemical signaling of 
PNS neurons in tissue-specific neuronal bundles will 
inhibit local sympathetic neurotransmitter release and thus 
interrupt regional chemoelectrical signaling relay back to 
the CNS and result in a change in vascular tone. 
Furthermore, we hypothesize that sustained inhibition of 
neuronal signaling can induce intracellular stress responses 
that lead to apoptosis, a quieter cell death as opposed to 
more inflammatory types of cell death such as chemical 
and energy ablation. We have selected a number of phar- 
macologic agents known to bind cell surface receptors on 
neurons. A brief summary of our pre-clinical findings is 
provided below. 
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Experimental Methods 


Various FDA approved agents were identified for having 
PK/PD and hydrophobicity profiles amenable for nerve- 
specific deactivation in the renal artery. Selected agents 
were screened in human neuronal cell cultures at established 
concentrations (EDs), EDjo9, LDso) and their ability to 
induce a sustained drop in metabolic activity (using the 
MTT assay; Life Technologies), induction of apoptosis 
by monitoring Caspase-3 activation (Cell Signaling 
Technologies), and overall cytotoxicity (trypan blue stain- 
ing) was evaluated in time-course experiments. The lead 
compound NW2013 was identified as having optimal kinet- 
ics and potency in vitro. NW2013, along with a few other 
efficacious agents and formulations thereof were then evalu- 
ated in vivo using the Sprague-Dawley rat sciatic nerve 
block model. 


Studies in the Rat Sciatic Nerve-Block Model 


Sprague-Dawley rats (250-300 g) were randomly assigned 
into treatment and control groups and were transiently anes- 
thetized by ketamine. Following anesthetization, the sciatic 
notch was accessed by palpitation and 200 uL of NW2013, 
other proprietary pharmacologic agents, or the chemical 
agent ethanol were administered by a single intra-muscular 
injection using a 27-gauge needle near the sciatic notch. 
A single injection of phosphate-buffered saline in the right 
leg served as the negative control. The B-adrenergic receptor 
antagonist, guanethidine, served as positive control. 

Animals were survived to 3 and 30 days and were assessed 
on a weekly basis for clinical manifestations of neuropathy. 
Clinical and analytical assessments included the ability of 
the sciatic nerve bundle to conduct signals at 5 Hz (results in 
a leg twitch) or 20 Hz (results in leg tetanus), sensory pro- 
prioception (slight pinch of the foot pad), motor nerve func- 
tion (ability for animal to walk and step up), over-all leg 
function (ability to apply body pressure while walking). 
Animals were euthanized on day 3 and day 30 and immuno- 
histochemical evaluation of the sciatic nerve bundles and 
surrounding tissue was performed. 


Renal Nerve Deactivation Studies 
in the Porcine Model 


Juvenile Yorkshire domestic swine (30—40 kg) were housed 
and quarantined for 7 days prior to the procedure. Animals 
were anesthetized and blood samples were collected before 
surgery. The target renal artery with surrounding tissue was 
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Fig. 16.1 Longitudinal sections of the 30 day endpoint histology of the sciatic nerve bundles from animals injected with (a) NW2013 and (b) 
normal saline 


surgically accessed using laparotomy without disturbing 
the fascia (fatty layer) covering the artery. Two sites along 
the length of the artery were selected for injection with the 
respective orientation marked by placing 4-0 prolene sutures 
around the artery. 

The animals were catheterized using standard endovascu- 
lar techniques to access renal arteries and angiographic 
images were obtained prior to NW2013 administration. 
A microsyringe, equipped with a 33-gauge needle was used 
to inject the agent or saline (control) into the artery wall. 
Four (4) injections per renal artery were performed. Two 
injections were done in a single plane per site, roughly 180° 
apart. Two different doses of NW 2013 were injected. 
Angiograms were performed after agent injection into the 
vessels and the animal was closed surgically. 

Animals were then survived for 14 and 90 days. 
Angiograms of both renal arteries were taken at 14 and 
90 days prior to sacrifice. Blood collection and urine samples 
were collected on days 0, 7, 10, 14 and 90. At 14-day and 
90-day sacrifice time points, animals were anesthetized and 
kidneys were accessed surgically using laparotomy. Kidney 
tissue samples from the renal cortex were collected, flash 
frozen, weighed and sent for norepinephrine measurement 
using HPLC mass spectrometry techniques. 

After harvesting the renal tissue, the animals were eutha- 
nized. Aortas and renal arteries were perfused with formalin, 
harvested, and fixed. Following fixing, each kidney was sec- 
tioned at approximately 2 mm increments from the aorta to 
the kidney hilus. Sections were stained with hematoxylin 
and eosin (H&E); selected sections were then stained using 
immunohistochemical methods for Caspase 3, Neurofilament 
protein (NFP) and Tyrosine hydroxylase (TH). 


Results 
Rat Sciatic Nerve Model 


All animals were successfully treated and survived their end 
points. All Northwind pharmacologic agents and combinato- 
rial formulations outperformed the positive control (guanethi- 
dine) in nerve block efficacy (Fig. 16.4). A three-agent 
combinatorial formulation was identified as having superior 
effectiveness to all other single pharmacologic agents tested 
and to the chemoablative agent, ethanol, in blocking nerve 
conductance. There were no observed long term effects on 
motor or sensory function in Northwind pharmacologic 
agents. Surprisingly, ethanol-treated animals were found to 
be hypersensitive to touch and pain in the ethanol treated 
limb. 

Histological examination of the hind-limb injected with 
NW2013 showed signs of edema and axonal degeneration on 
day 3. On day 30, in the animals treated with NW2013 the 
nerve bundles contained nerve axons showing signs of loss 
of perineurium and structural integrity as well as axonal 
degeneration (Fig. 16.1). An absence of inflammatory foci 
surrounding the degenerative nerve bundles was also noted. 
In contrast, the overall structure of the nerve bundle appears 
intact with individual neurons having an ordered appearance 
in the saline control samples. 

Overall, agent NW2013 was determined to be safe, was 
demonstrated to be superior in blocking sensory nerve func- 
tion and sciatic nerve electrical conductance, as well as to 
induce apoptosis/Caspase-3 activation (per immunohisto- 
chemical staining of tissue sections). No toxicity was 
observed to the surrounding tissue. 


M.H. Wholey et al. 


Å= 
250 um 


Fig. 16.2 Histology sections at 14-days after administering low dose NW2013 into the renal artery wall: (a) H&E stain and (b) Caspase-3 stain 


of nerve bundles; (c) vessel wall at low and (d) high magnifications 


Renal Nerve Deactivation in the Porcine Model 


All animals were successfully treated and survived to their 
endpoints. No complications, related to bleeding complica- 
tions, perforations or other, were noted. Vessel spasm was 
noted both prior to and after agent injection in all animals. 
Nitroglycerine was injected in the first animal to reduce 
spasm. However, since the vessel spasm did not resolve after 
administering nitro, no nitro was used in subsequent treat- 
ments. Angiography after treatment confirmed good blood 
flow into both renal arteries. 

Follow up angiograms at 14 and 90 days from all animals 
showed patent renal arteries with good blood to the kidneys. 
At 90-days, small degree of narrowing was noted with high- 
dose of NW2013. All animals were surgically exposed, kid- 
ney tissue was harvested and the animals were euthanized. 
Renal arteries and vital organs were harvested and fixed 
using standard techniques. 


Porcine Histology at 14-Days 


Sub-acute histologic changes were observed in NW2013 
treated renal arteries. The renal nerves appear to be selectively 
affected in the treated vessel without any effect on the vascular 
tissue in the low-dose treatment group. The nerves showed the 
absence of nuclei and cellular structure, and were Caspase-3 
positive, indicative of neuronal apoptosis (Fig. 16.2a, b). There 
were a few nerves that showed focal damage and others that 
showed total absence of nuclei. These neuronal changes were 
interpreted as neurodegenerative changes following treatment 
with NW2013. The saline-treated (control) renal nerves failed 
to show any degenerative changes indicative of site-specific 
action of the pharmacologic agent. The neurodegenerative 
changes were extensive and dose dependent. The high dose 
treatment resulted in greater neurodegenerative changes 
marked by total absence of nuclei within the nerve bundles; 
the surrounding tissue also showed fat necrosis and some 
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Fig. 16.3 Histology at 90-days after administering low dose NW2013 into the renal artery wall: (a, b) H&E stain and (c, d) Caspase-3 stain at (a, 


c) low and (b, d) high magnifications 


arteriolar damage. In both groups the renal arteries were nor- 
mal in appearance without any significant medial, intimal or 
adventitial injury (Fig. 16.2c, d). 


Porcine Histology at 90-Days 


Chronic changes after local administration of NW2013 
showed extensive perineural fibrosis and modest inflamma- 
tion (Fig. 16.3). At low concentrations, some nerves showed 
vacuolar degeneration as well as mild immune cell recruit- 
ment within the nerve bundles. The Caspase-3 stains were 
negative at the late time points, suggesting the completion of 
neuronal apoptosis. The renal arteries were normal in appear- 
ance without any medial, intimal or significant adventitial 
injury. At high dose, the arteries had moderate to severe 
necrosis and degenerative changes characterized by atrophied 


nerve fibers with regions of more significant immune cells 
infiltrate including the presence of macrophages, eosino- 
phils, lymphocytes and multinucleated giant cells. 


Immunohistochemistry 


Immunostaining against Neuro-filament protein (NFP) 
showed varying degrees of expression indicating structural 
axonal damage/loss in injured fascicles (Fig. 16.4). 
Immunostaining against Tyrosine hydroxylase (TH) was 
variable where a functional loss was detected, even in the 
absence of recognizable axonal change. There were no unex- 
pected deleterious findings in the chronic phase of induced 
injury in the adjacent examined organs. The surrounding 
lymph nodes showed non-specific reactive lymphoid 
hyperplasia. 
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Fig. 16.4 Histology sections of renal nerve fascicle, at 90-days after administering low dose NW2013 into renal artery wall. (a) Movat stain, (b) 
Neurofilament protein (NFP) immunostain showing focal staining of fascicles, and (c) tyrosine hydroxylase (TH) showing no staining of fascicles 


In summary, it may be concluded that the nerve fascicle Discussion 
pathology characterized by neurodegenerative histology, 
immune cell recruitment and perineural inflammation with Results from the above studies clearly demonstrate that local 
fibrosis was consistent with post-injury healing in the administration of neurotropic pharmacologic agents in par- 
NW2013-treated tissue. In addition, the observed differences ticular NW2013, into renal artery walls can abrogate nerve 
in select neuronal markers suggest both structural injury and function and induce local neurodegenerative changes in a 
functional loss of nerves in bundles in a treatment-specific manner that is safe to surrounding tissue. All animals sur- 
manner. All observed changes were restricted to the NW2013 vived to the designated end point, and renal arteries remained 
treatment cohort and was demonstrably localized to the tis- fully patent without local toxicity or deleterious effects, 
sue surrounding the site of administration. especially at the low dose. No significant damage was noted 
to the vessel wall. The neurotropic pharmacologic agents 
acted with specificity and selectively inducted degenerative 
Norepinephrine Results changes exclusive to the neurons surrounding the renal 
artery. At 14-days after NW2013 administration, nerves in 
Results on kidney tissue norepinephrine (NE) levels in the the nerve bundles lacked structure and nuclei, and showed 
renal cortex are shown in Fig. 16.5 at the 90-day time points. signs of significant apoptosis, as confirmed by Caspase-3 
It is noted that local administration of neurotropic agents into immunostaining. At 90-days, the apoptotic process was 
the vessel wall caused a decrease in NE levels compared to complete and the neurons were replaced by fibrous connec- 
controls in a dose-dependent manner. tive tissue. Axonal degeneration was observed in some nerve 
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Fig. 16.5 Kidney tissue norepinephrine (NE) levels at 90 days after 
local administration of NW2013 compared to controls (error bars 
denote one standard deviation) 


bundle regions. In other bundle regions, axons remained vis- 
ible but they were non-functional, as evidenced by NFP 
staining. Correspondingly, NW2013 treatment resulted in 
reduced kidney tissue-specific norepinephrine levels consis- 
tent with selective damage to neurons. NE results are equiva- 
lent to those reported in preclinical studies conducted using 
energy-based ablative methods. 

Agent NW2013 had the optimal (most safe and effective) 
response at low concentrations, both at 14 and 90 days and 
demonstrated effective dose-response. At high concentra- 
tions, the agent was not soluble and drug particulates caused 
localized tissue damage characterized by necrosis. Although 
a higher reduction in tissue NE levels was observed at a 
higher dose, the lack of observed side effects in the low dose 
NW2013 treatment cohort favor the use of NW2013 at lower 
concentrations. 

In summary, preclinical studies have successfully demon- 
strated that targeted and selective nerve deactivation and 
degeneration can be achieved through the local administra- 
tion of neurotropic pharmacologic agents in a safe and effec- 
tive manner. It is recommended that further studies be 
conducted to evaluate the feasibility of delivering these neu- 
rotropic pharmacologic agents percutaneously using a cath- 
eter or other minimally-invasive methods to achieve similar 
sympathetic neuromodulatory effects. 


Early Clinical Experience 


A First-In-Human safety study was initiated at The Center 
of Vascular and Heart Diseases of Georgia (Tbilisi, 
Georgia) with Dr. Konstantine Kipiani as Principal 
Investigator. The study protocol was consistent with 
European Society of Cardiology (ESC) and American 
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College of Cardiology (ACC) guidelines for treating 

patients suffering from resistant hypertension by renal 

denervation [24, 25], and approved by the Ethics 

Committee and Institutional Review Board. After careful 

screening, patients were enrolled after they met the follow- 

ing key inclusion criteria: 

e Office systolic blood pressure > 160 mmHg; 

e Stable use of >3 antihypertensive drugs, concurrently at 
maximum tolerated doses, for a minimum of 14 days 
prior to enrollment, of which one is a diuretic; 

e No change in medication | month prior to enrollment; 
CT angiogram was obtained prior to treatment. 

After patient preparation, the femoral artery was 
accessed using standard endovascular methods and an 
abdominal aortogram was obtained to define the vascula- 
ture of the abdominal aorta including renal arteries and to 
determine the presence of any supplementary renal arter- 
ies. A 7F sheath with a renal distal curve was used to selec- 
tively enter the ostium of the renal artery. Once the 7F 
sheath was in position, contrast media was injected to 
image the renal circulation including hilar branches as 
well as second and third order vessels extending to the 
renal cortex. 

Procedural steps are shown in Fig. 16.6. The delivery sys- 
tem was advanced over an 0.014” guidewire, through the 
sheath, and positioned in the renal artery proximal to the 
bifurcation to ventral and dorsal divisions. The integrated 
balloon-needle system was then inflated to advance the 
microneedle into the peri-adventitial region. This was veri- 
fied by injecting contrast proximal to the balloon and check- 
ing for vessel occlusion. Following injection of the agent, the 
balloon was deflated and the needle was retracted. The deliv- 
ery catheter was then positioned 10 mm distal to the ostium 
and the procedure was repeated at the second site. The post 
procedure angiogram demonstrated no intimal disruption 
with a normal appearing renal artery without any occlusion, 
clot, dissection or spasm, as noted in Fig. 16.6d. These steps 
were repeated on the contralateral kidney. When an acces- 
sory vessel was present, it was also treated with the neuro- 
tropic agent by injection. 

The entire procedure was completed in 20 min, similar to 
renal angioplasty. There was no significant pain experienced 
by the patients during the procedure compared to radiofre- 
quency or ultrasound energy-based transluminal renal dener- 
vation procedures; 0.5 mg of morphine was given to mitigate 
mild pain observed with a few patients. To date, the five 
patients have been enrolled in the study with 100 % technical 
success. Two patients demonstrated greater than 30 mmHg 
drop in systolic pressure at the 30-day follow up. Patient 
follow-up occur at 1-, 3-, 6- and 12-month time points. We 
intend to continue enrollment of an additional 10-15 patients 
to gain more clinical experience. 
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Fig. 16.6 Angiographic images showing the left renal arteries of 
patient-005, (a) prior to treatment, (b) inflation of the balloon and 
advancement of the microneedle into the vessel wall, (c) verification of 


Concluding Remarks 


Results from this study demonstrated that the administration 
of small volume, low dose neurotropic pharmacologic agent 
into the wall of renal arteries can induce highly localized, 
nerve-specific degenerative changes. The pharmacologic 
agents evaluated were determined to be safe for the renal 
arterial wall and surrounding renal tissues. Moreover, these 
agents were efficacious and induced nerve block, local 
neuronal apoptosis, and promoted the reduction of norepi- 
nephrine levels in kidney tissue. The focal neurodegenerative 
effects were sustained over a period of 90-days indicating the 
potential for this approach to be a durable treatment for 
refractory hypertension. 

Early clinical results also demonstrate that targeted 
renal nerve deactivation using local delivery of neuro- 
tropic agents is safe and feasible with no acute injury to 
the vessel wall (for example, no dissections, spasm or per- 
forations). It is a promising therapy that offers advantages 


needle advancement by balloon of the vessel, evidenced by no flow of 
contrast, and (d) final angiogram after treatment showing minimal dam- 
age to the vessel wall- no spasm, dissections or perforations 


over energy-based denervation methods in terms of its 
specificity (targets nerves), less pain (minimal use of an 
analgesic) and cost effectiveness (no energy system). 
Long-term clinical data are needed to evaluate safety and 
durability. 
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Stefan C. Bertog, Laura Vaskelyte, Ilona Hofmann, 
Sameer Gafoor, and Horst Sievert 


Device Description 


The Vessix™ Renal Denervation System (Boston Scientific 
Corporation, Natick, MA, USA) consists of a denervation 
catheter and radiofrequency generator. The catheter is a 
90 cm long balloon-tipped catheter. The balloon is 25 mm 
long. The balloon diameters depend on the vessel size (4 mm, 
5 mm, 6 mm and 7 mm). Mounted on the surface of the bal- 
loon are (4—8, depending on the balloon size) bipolar radio- 
frequency electrodes distributed in a helical fashion emitting 
radiofrequency energy to a depth of a few millimeters into 
the renal artery. The catheter can be delivered over the wire 
into the renal artery via an 8F guide sheath (more common) 
or 9F guide catheter. 

The performance of the procedure is similar to renal 
artery balloon angioplasty. First, femoral arterial access 
(e.g. with a 4, 5 or 6F sheath) is obtained and an abdominal 
aortogram performed (e.g. with a 4, 5 or 6F pigtail or omni- 
flush catheter). The renal arteries are visualized and acces- 
sory renal arteries, if present, identified. Heparin is 
administered. Subsequently, the access sheath is exchanged 
over a 0.035 in. J-tipped guidewire for an 8F delivery sheath 
(e.g. Cook sheath, Cook Medical, Bloomington, IN, USA) 
positioned with the tip at the take-off of the renal arteries. 
If the anatomy is favorable (straight or superior take-off), 
the renal arteries are wired directly with a 0.014 in. coro- 
nary support (e.g. Hi-Torque Iron Man, Abbott Vascular, 
Abbott Park, Il, USA) or 0.018 in. peripheral wire (e.g. 
V-14™cControlWire®, Boston Scientific Corporation, 
Natick, MA, USA). If the take-off is inferior and wiring 
proves difficult, a 6F guide catheter (e.g. internal mam- 
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mary, Judkins right or renal double curve) can be advanced 
via the sheath into the aorta over a J-tipped 0.035 in. guide- 
wire. The guide catheter is positioned close to the renal 
artery ostia and the guidewire is removed, typically allow- 
ing the guide catheter to engage the renal artery ostium. 
The coronary or peripheral wire is advanced into a distal 
segmental renal artery branch and the 8F guidesheath fol- 
lows over the guide catheter into the proximal renal artery. 
The guide catheter is removed while maintaining the guide 
sheath position in the renal artery and the Vessix balloon 
delivered into the renal artery. Radiofrequency energy is 
applied to all electrodes simultaneously at ~1 W for a dura- 
tion of 30 s (via a temperature controlled algorithm keeping 
the temperature at 68 °C). In case of an early bifurcating 
renal artery, the respective branches can be denervated sep- 
arately, or, alternatively, the balloon can be left partially in 
the renal artery with radiofrequency energy delivery to only 
those electrodes with wall apposition to the renal artery 
(the system will sense lack of contact of the electrodes that 
are protruding in the aorta causing deactivation of these 
electrodes). 

Given the fairly straight tip of guide sheath, it can be dif- 
ficult to deliver a wire or the Vessix balloon in to the renal 
artery, particularly if it has an inferior take-off. The Vessix 
balloon as it exits the guide sheath tip tends to further 
straighten the sheath with the balloon pointing towards the 
roof of the renal artery. Once again, in this situation, either a 
guide catheter can be advanced into the renal artery first fol- 
lowed by the guide sheath in a telescoping manner or an 
extra support wire can be advanced to improve guide sheath 
stability and balloon delivery. 

The balloon sizes are chosen to match the vessel size and 
a 4 mm balloon can be used for vessels with diameters of 
3-3.5 mm. The largest acceptable vessel diameter is 7 mm as 
larger diameters would not allow sufficient electrode 
contact. 

Once the (non-compliant) balloon is at an optimal position, 
it is inflated with a standard inflation device to three 
AIM. Contrast is injected during inflation to assure cessation of 
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flow indicating adequate wall apposition. Then radiofrequency 
energy is applied by activating a single button on the generator. 
One or two (if the renal artery length allows) ablations are typi- 
cally performed. 

The advantages are the short ablation time, ease of deliv- 
ery via an over the wire system similar to renal artery balloon 
angioplasty and the use of bipolar electrodes without the 
need for grounding. A potential disadvantage is the incom- 
patibility of the Vessix balloon with conventional 6F guide 
catheters and the not infrequent need for above described 
maneuvers to allow proper guide sheath positioning for bal- 
loon delivery. However, the manufacturer is in the process of 
developing a dedicated guide sheath. If there are significant 
discrepancies in right and left renal artery sizes more than 
one Vessix balloon may have to be used. 

The device has CE mark (approved in 4/2012) and is 
undergoing a number of clinical trials. Most recently 
(11/2013), data combining patients (n= 146) from the first- 
in-man (FIM) study (n=18) and the post market surveil- 
lance (PMS) trial (n= 128) were presented at Trans-Catheter 
Therapeutics (TCT). Patients with resistant hypertension 
(=3 antihypertensive medications) and an office systolic 
blood pressure of >160 mmHg (FIM study) or 
>160/90 mmHg (PMS trial) and renal arteries >3.5 mm in 
diameter and >15 mm (PMS trial) or >20 mm (FIM study) 
were enrolled including patients with accessory renal 
arteries provided they were of adequate size. The primary 
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endpoints were office and ambulatory systolic blood pres- 
sure reduction at 6 months follow-up. At the time of pre- 
sentation, 139 patients had completed 6-month follow-up. 
Clinical characteristics were similar to other renal denerva- 
tion trials (mean age: 59 years, 27 % diabetics, 38 % witha 
history of coronary artery disease baseline blood pres- 
sure 182/100 mmHg, average number of antihypertensive 
medications: 5.2). At 6-month follow-up, a significant 
blood pressure reduction of 26/13 mmHg was demonstrated 
along with a significant ambulatory blood pressure reduc- 
tion of 9/6 mmHg. Those patients (n=41) who underwent 
12-month follow-up achieved a significant 30/14 mmHg 
office and 11/6 mmHg ambulatory blood pressure reduc- 
tion. The response rate (defined as an at least 10 mmHg 
systolic office blood pressure reduction) was 76 % at 
6 months and 85 % at 12 months. A target systolic office 
blood pressure (<140 mmHg) was reached in 19 and 34 % 
at 6 and 12 months, respectively. There was also a signifi- 
cant blood pressure reduction in those (24) patients who 
had accessory renal arteries, albeit slightly less pronounced 
at 21/12 mmHg at 6 months. Importantly, significant blood 
pressure reductions were seen regardless of age, gender and 
presence or absence of diabetes. 

A number of trials studying renal denervation with the 
Vessix system are underway including patients with hyper- 
tension, renal insufficiency, atrial fibrillation and heart 
failure. 


Kenichi Sakakura, Elena Ladich, Kristine Fuimaono, 
Renu Virmani, and Michael Joner 


Introduction 
Key Points 


1. Although renal denervation (RDN) is now 
considered as a valid interventional option for the 
treatment of patients with resistant hypertension, 
there is a need for improvement of this 
technology. 

2. To this end, irrigated -tip ablation catheters are 
being developed that address these requirements — 
particularly with regard to avoiding complications 
that may compromise optimal lesion formation in 
the target renal arteries. 

3. Specifically, irrigated-tip RF ablation enables those 
undertaking RDN procedures to effectively manage 
temperature, RF energy and power levels. 

4. In turn, this shifts effective treatment zones of 
ablative energy into deeper tissue regions, where 
peri-arterial sympathetic nerves are targeted with- 
out damaging the renal arterial wall. 

5. The development of cooled-tip ablation for RDN is 
still at a relatively early stage. However, this is an 
area of endovascular therapy that is expected to 
expand rapidly in the near future. 


Renal artery denervation (RDN) represents a relatively new 
technique for treating patients whose arterial hypertension 
persists despite three or more antihypertensive medications 
[1]. The main principle underlying RDN dates back 50 years 
or more and gave rise to surgical sympathectomy proce- 
dures [2]. Radiofrequency (RF) catheter ablation is a thera- 
peutic procedure that delivers a controlled source of energy 
in order to create a lesion at the site of the target tissue. 
Lesion formation is restricted to a limited volume of tissue 
close to the ablation electrode. Since this technique was first 
introduced, it has become one of the most useful and widely 
accepted therapies in the field of cardiac electrophysiology, 
later followed by application in renal denervation proce- 
dures. Modifications in RF delivery and improvements in 
electrode design have resulted in a significant expansion of 
its indication such as chronic kidney disease (CKD), arrhyth- 
mias, obstructive sleep apnoea and glucose control [3, 4]. 

Novel therapeutic advances in this field have been devel- 
oped exponentially in the last few years. Essentially, the aim 
is to develop new endovascular catheters that are simpler, 
faster and safer than those currently available. Much interest 
is now being devoted to irrigated renal artery ablation using 
cooled-tip percutaneous RF catheters in order to achieve 
optimal outcomes in patients with resistant arterial 
hypertension. 


Renal Artery RF Ablation: 
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according to the individual requirements of the patient. The 

resulting lesion formation is achieved either through: 

(i) Resistive heating, in which the natural resistance of the 
tissue generates heat, thereby forming the core of the 
lesion 

(ii) Conductive heating, in which the heat generated by 
resistive heating is distributed to adjacent tissue and to 
the ablation electrode 

The effects of RF energy on vascular tissue depend on 
multiple factors such as temperature, duration of energy 
delivery, power, electrode size, quality of electrode-tissue 
contact and histological characteristics of the tissue, includ- 
ing blood supply and proximity to major blood vessels that 
determine the degree of heat dissipation. Temperature is 
critical to the success or failure of the ablation technique. As 
RF energy is applied to tissue, it generates heat. When the 
tissue temperature reaches approximately 50° centigrade, 
protein denaturation destroys signal conducting nerve cells, 
causing tissue to become necrotic [6]. 

The degree of power delivered to the target site deter- 
mines the tissue temperature. In turn, tissue temperature 
determines lesion size. As a general rule, therefore, higher 
power delivers higher tissue temperature, creating larger 
lesions. The power delivered to the tissue is significantly less 
than the output power of the generator, mainly because of 
power loss into the blood. Longer duration of RF ablation 
allows the temperature in the tissue to rise to a steady state 
and, therefore, penetrate more deeply into the tissue. 

In general, a target tissue temperature of 50-70° centi- 
grade is used for conventional RF ablation [7]. At tempera- 
tures above 100° centigrade, boiling will occur in the tissue 
surrounding the electrode. This results in denaturation of 
plasma proteins, while coagulation may be activated result- 
ing in charring or coagulum formation, which increases the 
risk of thromboembolism [8]. An important sign indicating 
charring or coagulum formation is a sudden rise of imped- 
ance. The optimal duration of radiofrequency application in 
order to obtain effective ablation in RDN procedures remains 
a topic of debate, a minimum duration of 30-60 s may be 
needed with most available devices to obtain effective 
ablation. 

The extent of successfully ablated tissue is proportional to 
the applied power of the radiofrequency source. Electrode 
size influences the volume of the ablation lesion and probably 
the clinical efficacy of RF ablation as well. As tissue is 
heated, there is a temperature-dependent drop in electrical 
impedance. A significant positive correlation between pre- 
ablation impedance and heating efficacy was demonstrated, 
and a similar association has been observed between maxi- 
mum drop in impedance during energy delivery and heating 
efficacy [9]. Temperature monitoring also provides useful 
information about the quality of electrode/tissue contact. It 
has been reported that temperature rise is greater and faster 
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with properly engaged electrodes [10]. At the tissue level, 
convective heat dissipation removes heat from the tissue lim- 
iting the penetration depth of radiofrequency current [11]. 


Tissue and Electrode Temperature 


The potential to increase energy output in order to achieve a 
larger lesion is limited by the risk of over-heating the 
electrode-tissue interface, ablation electrode and tissue itself. 
Overheating can lead to a number of adverse events that 
would compromise the success of the ablation technique. 

Of note, the electrode is a source of power, but not of heat. 
The temperature of the ablation electrode only increases due 
to conductive heat transfer from the tissue. Therefore, the 
temperature of the adjacent tissue is always higher than that 
of the electrode during the ablation process. The temperature 
of the electrode is measured by temperature sensors in the 
electrode of the ablation catheter. Lesion formation corre- 
lates with a number of parameters that are monitored by the 
RF generator, including impedance, time, ablation electrode 
temperature and output power. The latter can be selected by 
the physician, as can the duration of RF delivery. Additional 
parameters affecting lesion formation include passive elec- 
trode cooling by blood flow, electrode-tissue orientation, 
electrode-tissue contact pressure and the physical properties 
of the tissue itself. In temperature control mode, electrode 
temperature is monitored by the RF generator to regulate 
output power in order to reach and maintain target tempera- 
ture. High target temperatures are associated with a higher 
risk of adverse events. In power control mode, the output 
power delivered by the RF generator is chosen by the opera- 
tor. The generator then delivers the pre-set level of power 
independently of the temperature of the ablation electrode. 
As a Safety feature, if the ablation electrode temperature 
reaches a pre-determined cut-off value, energy delivery is 
terminated. In this mode, power can be delivered either con- 
stantly for the duration of the ablation procedure, or titrated 
manually (not a standard option). 


Blood Flow and Passive Cooling 


During ablation, blood flowing through the renal arteries 
cools the section of the ablation electrode not in contact with 
the tissue. Since the temperature of the blood is lower than 
that of the heated electrode, heat is removed from the elec- 
trode. The higher the blood flow, the more heat is removed — 
a phenomenon known as passive electrode cooling by blood 
flow. Passive cooling is also influenced by the degree of sur- 
face area exposed to the blood flow, which in turn is related 
to the size and orientation of the electrode, and the fraction 
of electrode surface area in contact with the tissue being 
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ablated [6]. The effects of passive cooling must be taken into 
account when planning an ablation strategy because the 
blood flow will influence the choice of electrode size. 

With respect to lesion size, the effects of passive cooling 
by blood flow are most pronounced in temperature control 
mode, because the ablation electrode temperature influences 
output power. When blood flow is low, the electrode is only 
slightly cooled — therefore, target temperature is reached 
with low output power. Only limited power enters the tissue, 
thereby creating a small lesion. When blood flow is high, 
more heat is removed from the electrode, and more power is 
required to reach and maintain target temperature. This 
higher output power will result in a larger lesion [12]. This 
phenomenon may have substantial impact on RDN efficacy 
when patients with low cardiac output are being treated, as 
target temperature will likely be reached sooner as compared 
to patients with normal cardiac output. 


Renal Artery RF Ablation: Clinical Evidence 
and Complications 


The feasibility of RF ablation of the renal arteries using a 
conventional, non-irrigated catheter is now well established. 
Krum et al. have reported 3 year follow up data from the 
Symplicity HTN-1 trial, which was designed to elucidate the 
long-term safety and effectiveness of RDN in a single arm 
registry [13]. Symplicity HTN-1 demonstrated blood pres- 
sure reduction in 93 % of patients at 36 months follow-up 
[13]. Worthley, et al. reported the results of the EnligHTN I 
trial, which included 46 patients in a single-arm registry 
[14]. Blood pressure reduction from baseline to 1, 3, and 
6 months was 28/10, 27/10, 26/10 mmHg, respectively [14]. 
Esler et al. reported the results of the Symplicity HTN-2 
trial, which was a multicentre, prospective, randomised clin- 
ical trial to test the efficacy of RDN [15] against standard 
treatment. In this trial, 106 patients were allocated to renal 
denervation and compared to an equally sized control group 
receiving standard drug treatment. Office-based blood pres- 
sure measurements in the renal denervation group was 
reduced by 32/12 mmHg (SD 23/11, baseline of 
178/96 mmHg, p<0.0001), whereas no difference compared 
to baseline was observed in the control group [15]. 
Symplicty HTN-3 is the most recent randomized trial 
conducted in the USA. This trial was designed as a prospec- 
tive, randomized, single-blind trial evaluating the safety and 
effectiveness of RDN for the treatment of uncontrolled 
hypertension in comparison to a sham-control group [16]. 
Contrary to expectations, the mean change in systolic blood 
pressure at 6 months was —14.13+23.93 mmHg in the dener- 
vation group as compared with —11.74+25.94 mmHg in the 
sham-procedure group (P<0.001 for both comparisons of 
the change from baseline), for a difference of —2.39 mmHg 
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(P=0.26 for superiority with a margin of 5 mmHg) [17]. 
While different factors may have contributed to this treat- 
ment failure, special focus of future clinical efforts should be 
on achieving complete circumferential ablation of the renal 
artery. Future clinical studies to elucidate the true efficacy of 
RF denervation are still needed. 

Since most RF renal denervation procedures are per- 
formed via the renal artery, vascular safety is of critical con- 
cern. In the acute phase after renal denervation, Templin 
et al. reported that vasospasm was observed in 42 % of renal 
arteries, and endothelial-intimal edema was noted in 96 % of 
renal arteries following RF denervation [18]. Furthermore, 
intraluminal thrombus formation was observed in 67 % of 
renal arteries after RND (Fig. 18.1). These results suggest 
the need for appropriate antiplatelet therapy during RDN. In 
addition, Kaltenbach et al. reported renal artery stenosis sec- 
ondary to RDN after 5 months [5], which highlights the need 
for long-term monitoring after RDN procedures. In the 
Symplicity HTN-1 trial, 2 renal artery stenosis were treated 
by stents (one was a progression from pre-existing mild ste- 
nosis, and the other one was a newly developed stenosis) 
from 150 enrolled patients during 3 year follow-up [13]. In 
light of these reports and the fact that clinical experience 
with this technology is limited to a very small number of 
patients treated world-wide in randomized studies, rigorous 
surveillance of patients undergoing these procedures is 
warranted. 


Irrigated RF Ablation: Active Cooling 


More recently, irrigated ablation has been investigated as a 
new technique for active cooling during the ablation proce- 
dure. Active cooling lowers the temperature of the ablation 
electrode and adjacent tissue to reduce the incidence of coag- 
ulum formation. It helps to achieve a more controllable abla- 
tion and allows for higher power delivery, resulting in larger 
lesions [4]. With active cooling, the basis for irrigated RF 
ablation, room temperature irrigation fluid is infused through 
an irrigation catheter designed specifically to cool the abla- 
tion electrode. Whereas passive cooling is pulsatile, and 
dependent upon cardiac output, active cooling can override 
the inconsistent and unknown characteristics of passive 
cooling. 

With the irrigation catheter used in RDN procedures, 
irrigation fluid flows through the catheter and exits through 
small holes (irrigation ducts) around the electrode. The 
fluid is in direct contact with the electrode, blood and the 
surrounding tissue surface, and irrigation facilitates cool- 
ing of the electrode-tissue interface. When there is ade- 
quate irrigation flow rate, the temperature of this interface 
is lower, thus reducing the risk of thrombus or char forma- 
tion [4]. Irrigated RF ablation creates renal artery lesions 


Fig. 18.1 Thrombus formation after renal nerve ablation. Significant 
intraluminal thrombus formation after renal nerve denervation are 
unapparent by angiography (a, d), however displayed in different OCT 


based on the same principles as conventional RF ablation. 
During lesion formation, the hottest tissue temperature is 
generated by resistive heating just below the surface of the 
tissue. Conduction transfers heat from this zone to the 
adjacent tissue and ablation electrode, allowing the lesion 
to form and grow. Increasing the power causes the tissue 
temperature to rise, resulting in a larger lesion [4]. Saline 
irrigation during power delivery cools both the electrodes 
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cross-sections (b, c, e, f and i) and in three-dimensional reconstructed 
renal artery (g, h) (Reproduced with permission from Templin et al. 


[18]) 


and the surface of the tissue, dissipating some of the excess 
heat [4]. 

During RF ablation, even with irrigation, not all the power 
is delivered to the tissue. A significant percentage is always 
lost into the blood and saline. The distribution of power along 
one of two pathways — blood and saline surrounding the elec- 
trode, or the tissue in contact with the electrode — depends on 
their respective impedances and the electrode-to-tissue 
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contact. Optimal contact reduces power loss into the blood 
and increases lesion size [4]. 

Active cooling of the ablation electrode and the adjacent 
tissue influences lesion shape and vessel wall viability. With 
conventional RF ablation, the largest lesion diameter is close 
to the surface of the tissue. Resistive heating in the tissue is 
only cooled by the blood — therefore, stagnant blood can pre- 
vent optimal cooling. The resultant lesion damages a very 
wide section of the vessel media layer [4]. With irrigated 
catheter tip ablation, the surface adjacent to the electrode is 
cooled not only by blood, but also by irrigation solution 
(which has better cooling properties than blood). Thus, the 
surface diameter of the lesion is smaller. Increased energy 
delivery to tissue can be achieved by active cooling. 
Experimental studies have shown that active cooling results 
in higher tissue temperature resulting in larger and deeper 
lesions compared to conventional RF ablation [12, 19, 20]. 


Irrigated vs. Non-irrigated Radiofrequency 
Ablation: Preclinical Experience 


There are substantial histopathological differences between 
irrigated and non-irrigated RF ablation. These differences 
refer to parameters of efficacy such as injury of peri-arterial 
nerves and parameters of safety such as arterial and peri-arterial 
tissue damage. Semi-quantitative ordinal grading schemes 
are useful, when changes in the nerve, renal artery, and peri- 
arterial soft tissue are evaluated following denervation [21]. 
Nerve damage can be semi-quantitated using an ordinal 
grading system of 0—4: 0 = none, 1 = minimal, 2 = mild, 3 = 
moderate, and 4 = severe [21]. It is important to mention that 
tissue damage may affect the peri-neuronal and/or endoneu- 
ronal portions of the renal nerves. In the assessment of peri- 
neuronal injury, inflammation and fibrosis are recognized as 
important signs of peri-neuronal injury. While acute-phase 
nerve injury may not necessarily be accompanied by 
peri-neuronal inflammation or fibrosis, chronic-phase nerve 
injury usually exhibits peri-neuronal fibrosis. Vacuolisation 
and digestion chambers are unique findings after endoneuro- 
nal injury. Vacuolisation is defined by the presence of vacu- 
olated areas, which contain loose connective tissue with rare 
areas of homogenous eosinophilic staining of cell cytoplasm 
along with compressed and deformed nuclei (pyknotic 
nuclei) [22]. Digestion chambers are characterized by vari- 
able amounts of aggregated myelin (eosinophilic hyaline 
globules) and vacuolated spaces with occasional cells inter- 
spersed [22]. Also, depending upon the RF energy used there 
may be necrosis of the nerves bundles as well as calcification. 
Since minimal or mild injury can be seen even in untreated 
animals, moderate and severe injury is considered as definite 


injury caused by thermal damage or toxins. Additional 
important parameters of renal peri-arterial nerve ablation 
procedures refer to the assessment of circumferential dimen- 
sion and depth penetration of radiofrequency energy. These 
parameters are relevant for the examination of nerve injury 
and peri-arterial tissue damage. 

Immunohistochemical stains may help to distinguish the 
morphological or functional presence of neuronal markers 
relevant to efferent sympathetic or afferent sensory activity. 
It is important to mention that most markers applied to date 
are not specific for sympathetic nerves, neither are they 
specific as markers of unidirectional neuronal signal trans- 
duction (afferent vs. efferent). Stains against tyrosine 
hydroxylase (TH), which is the enzyme for converting tyro- 
sine to DOPA (dihydroxyphenylalanin), are used for the 
confirmation of norepinephrine synthesis [23]. Sensory 
nerve (afferent) as well as sympathetic nerve (efferent) 
fibers play a crucial role for the overall renal sympathetic 
nerve activity [24]. Immunostaining against calcitonin 
gene-related peptide (CGRP), which is a neurotransmitter 
in sensory nerves, can be used as a marker of afferent fibers 
[25]. The intensity and distribution of staining can be semi- 
quantified using a scoring system of 0-3; 0 = no reaction, 1 
= very weak and/or patchy reaction, 2 = weak reaction, 3 = 
strong reaction [21]. 

To assess treatment reactions of the vascular and peri- 
vascular tissue including adjacent organs (kidney, lymph 
nodes, ureters, and renal veins), ordinal data can be collected 
for multiple parameters including endothelial loss, arterial 
and venous medial injury (depth and circumference), inflam- 
mation, degenerative changes and necrosis. Endothelial cells 
remain an important luminal barrier against activation of 
coagulation pathways and adhesion of thrombocytes. 
Endothelial loss can be observed in the treated vessel but 
also in adjacent non-treated vessels within the latitude of 
radiofrequency energy. Inflammation can be a sign of revers- 
ible or irreversible tissue damage and needs to be judged in 
association with the presence of degenerative changes or 
necrosis. These parameters can be semi-quantified using a 
scoring system of 0—4: 0 = none; 1 = minimal, 2 = mild; 3 = 
moderate; and 4 = marked [21]. In addition, distances from 
affected nerves to the intimal surface of the closest arterial 
segment through which RF energy was delivered can be 
measured with digital morphometry from histological slides 
stained with haematoxylin and Eosin. 

In our laboratory, we compared the histopathology fol- 
lowing irrigated, cooled-tip ablation and non-irrigated abla- 
tion in the swine model. In this regard, the overall nerve 
damage was comparable between irrigated and non-irrigated 
ablation. Furthermore, immunoreactivity to tyrosine hydox- 
ylase, an efferent neuronal marker was also similar between 
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Fig. 18.2 (a) Low magnification image of renal artery and surrounding 
tissue treated by irrigated radiofrequency ablation. (b) High magnifica- 
tion image of renal arterial wall (yellow boxed area in panel a). 
Proteoglycan replacement (green tissue) in the media is observed, how- 
ever, media thickness is preserved. (c) High magnification image of 
injured nerve (red boxed area in panel a; Movat stain). Perineurium 
fibrosis is observed. (d) High magnification image of injured nerve 
(blue boxed area in panel c; H&E stain). Endoneurium damage (diges- 
tion chambers) are observed. (e) Low magnification image of renal 


irrigated and non-irrigated ablation groups. On the other 
hand, renal arterial media damage was significantly less in 
the irrigated ablation group as compared to non-irrigated 
ablation group (Fig. 18.2). 

However, an important remaining concern with irrigated 
RDN relates to the question whether the effective tempera- 
ture registered at the catheter tip truly reflects intramural 
tissue condition or rather an inconclusive product of heat 
dissemination secondary to radiofrequency application and 
active cooling through irrigation. To answer this question, 
it is extremely important to simultaneously monitor acute 
and chronic effects within the arterial and peri-arterial tis- 
sue. In this regard, our experience with irrigated vs non- 
irrigated catheter ablation of renal peri-arterial nerves 
suggests that the latter may achieve similar nerve injury 
without jeopardizing safety by excess tissue damage. 
Preservation of peri-arterial tissue is another important fac- 
tor contributing to long-term efficacy and safety in peri- 
renal nerve ablation procedures and our data are in line 
with a favourable effect towards peri-arterial tissue protec- 
tion in irrigated ablation. 
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artery and surrounding tissue treated by non-irrigated radiofrequency 
ablation. (f) High magnification image of renal arterial wall (yellow 
boxed area in panel e). Severe media damage with thinning and severe 
adventitial damage (denatured collagen) was observed. (g) High mag- 
nification image of injured nerve (red boxed area in panel e; Movat 
stain). (h) High magnification image of injured nerve (blue boxed area 
in Panel g; H&E stain). Swelling of endoneuronal tissue and pyknotic 
nuclei are observed 


Irrigated RF Ablation: Clinical Experience 


To date, there are several clinical studies using irrigated RF 
catheters for renal denervation. Ahmed et al. enrolled ten 
patients with resistant arterial hypertension to be treated 
with saline-irrigated RF denervation [26]. They used a 
3.5-mm-tip internally irrigated RF catheter (Celsius 
Thermocool, Biosense Webster, Diamond Bar, CA, USA). 
From a total of 91 ablation lesions in these patients, an 
average of 5+ 1 (range 2—6) and 4+2 (range 1-7) ablations 
were performed in the left and right renal artery in each 
patient, respectively. The mean duration of ablation was 
242+98 s per patient (range 117-390 s). At 6 months, 
blood pressure decrease determined by ambulatory blood 
pressure measurement was —21+15 mmHg in systolic 
blood pressure (range —10 to -40 mmHg; P=0.003) and 
-11+9 mmHg (range 0 to -26 mmHg; P=0.005) in dia- 
stolic blood pressure [26]. In five patients, blood sampling 
for renal hormones was performed, and a significant 
decrease was observed in the levels of metanephrines, 
normetanephrines, and aldosterone [26]. 
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Kiuchi et al. investigated blood pressure reduction and 
renal function in patients with chronic kidney disease and 
resistant hypertension using a standard irrigated cardiac abla- 
tion catheter [27]. A total of 24 patients with a mean baseline 
blood pressure of 151+18 mmHg/92+11 mmHg (ambula- 
tory blood pressure) were treated by a 7-Fr irrigated ablation 
catheter (AlCath Flux eXtra Gold Full Circle 270°; VascoMed 
GmbH, Binzen, Germany) [27]. At 6 months follow-up, 
mean ABPM decreased to 132+ 15 mmHg/85+11 mmHg, 
and median urine albumin:creatinine ratio decreased from 
base line (48.5 mg/g) to 6 months (15.7 mg/g) [27]. 

Recently, Remo et al. reported a case series using RDN as 
adjunctive therapy for refractory ventricular tachycardia 
(VT) in patients with underlying cardiomyopathy [28]. Four 
patients with cardiomyopathy with recurrent VT despite 
antiarrhythmic therapy and prior cardiac ablation underwent 
RDN repeat VT ablation using either a non-irrigated (6 W 
at 50 °C for 60 s) or irrigated ablation catheter (10-12 W for 
30-60 s) [28]. The number of VT episodes was decreased 
from 11.0+4.2 to 0.340.1 per month after ablation with the 
combined approach (VT ablation + RDN using either irri- 
gated or non-irrigated) [28]. 


Summary 


It is clear that RDN does not result in a universal decrease of 
blood pressure— possibly because the procedure does not 
achieve complete denervation of the target renal arteries. It is 
also possible that renal sympathetic activity has a subordi- 
nate role in certain hypertensive patients with normal renal 
sympathetic tone [29]. Sympathetic nervous system activity 
appears to be of most importance during the early stages of 
hypertension, therefore, early modification of such activity 
may be a realistic goal. 

Obesity and insulin resistance are frequent complications 
of hypertension. Given the high incidence of cardiovascular 
events in patients with insulin resistance and impaired glu- 
cose metabolism, and the favourable impact of reduced sym- 
pathetic drive, lower cardiovascular event rates after RDN 
may well be achievable. Studies evaluating the effect sympa- 
thetic RDN on diabetes control and cardiovascular events are 
ongoing [30]. Further studies of the long-term impact of 
RDN on renal haemodynamics — in particular, comparing 
RDN to conventional medical therapy — are warranted before 
a truly informed opinion regarding the protective, neutral or 
harmful effect of RDN in resistant hypertension and related 
disorders can be made. 

Improvements in percutaneous catheter design with 
enhanced stability, modification of RF delivery and electrode 
design have clearly helped to improve clinical results in the 
broad spectrum of electrophysiological applications for 
RDN [4]. This has been exemplified in the introduction of 


cooled-tip percutaneous catheters, since conventional RF 
ablation catheters share the limitation of over-heating which 
may increase the risk of endothelial injury and thrombus for- 
mation [4]. 

External irrigation affords the additional advantage of 
locally cooling the blood/tissue interface, which has been 
demonstrated to reduce thrombus formation. At a technical 
level, temperature and impedance monitoring has been 
shown to be critical in predicting optimal catheter-tissue 
contact. With the introduction of cooled-tip catheters, pro- 
fessional appreciation and understanding of temperature 
monitoring will be further enhanced [4]. In the long-term, 
the combined efforts of engineers, researchers and clinicians 
will be crucial in order to facilitate increased knowledge of 
success and failure with regard to RDN procedures. 
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Markus P. Schlaich 


Introduction 


Sympathetic nervous system (SNS) activation is a common 
feature of arterial hypertension and has been demonstrated to 
contribute to the development and progression of the hyper- 
tensive state. Persuasive evidence suggests a strong associa- 
tion between SNS over-activity and variety of disease states 
including chronic renal failure, insulin resistance, congestive 
heart failure, sleep apnea, ventricular arrhythmias and oth- 
ers. While sympatholytic agents are available to target SNS 
over-activity pharmacologically, they are not widely used in 
clinical practice leaving the SNS unopposed in many 
patients. The recent introduction of catheter-based renal 
denervation as an alternative approach to target the SNS 
therapeutically has been trialed primarily in patients with 
resistant hypertension, Preliminary data obtained from small 
and mostly uncontrolled studies in related disease states 
often characterised by over-activity of the SNS are promis- 
ing but require confirmation in appropriately designed clini- 
cal trials. 


A Brief History of the Sympathetic 
Nervous System 


While the first identifiable description of the anatomy of the 
sympathetic nervous system by Thomas Willis dates back to 
1664, it was not until 1727 that the neural control of blood 
vessel caliber became apparent as a physiological concept 
through the work of du Petit, who demonstrated conjunctival 
vessel dilatation after section of cervical sympathetic nerves 
[1]. More than a century later, Stelling in 1840 suggested that 
the vasomotor fibers were sympathetic nerves originating in 
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the central nervous system and supplying the peripheral 
blood vessels. In 1852, Claude Bernard and others observed 
dilatation of blood vessels by sectioning sympathetic nerves 
and arise in blood pressure upon electrical stimulation of the 
cut nerves, thereby identifying these as “pressor nerves” [2]. 
However, it was not until 1932 that Adrian described actual 
sympathetic discharges from direct recording of electrical 
impulses in both pre- and post-ganglionic sympathetic fibers 
of cats and rabbits [3]. Von Euler in 1946 then identified nor- 
adrenaline as the major neurotransmitter of sympathetic 
nerves [4]. In the early decades of the twentieth century, 
Cannon [5] popularized the concept of the ‘fight and flight’ 
response to stress through his research on sympathetic 
nerves. Experimental and humans studies from the past three 
decades not only confirmed the critical role of the SNS in 
cardiovascular control but also provided conclusive evidence 
for a role of an overactive SNS in the pathophysiology of a 
variety of clinically relevant conditions such as essential 
hypertension [6—9], insulin resistance [10], congestive heart 
failure [11], renal disease [12], and others. 


The Specific Role of Renal Nerves 


Renal efferent and afferent nerves lie within the adventitia of 
the renal arteries and form a network that constitutes a sig- 
nificant control system for the physiological regulation of 
blood pressure and renal function, as summarized by Bertog 
et al. [13]. 


Efferent Renal Sympathetic Nerve 


The efferent renal sympathetic nerves originate from the 
intermediolateral column of the spinal cord from T; to L4. 
Nerves carrying fibers that project to the kidney are derived 
from the celiac plexus and its subdivisions [6]. The kidney, 
including the renal vasculature [14], the tubules [15, 16], 
the juxtaglomerular cells [17], and the renal pelvic wall 
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[18] all have a rich supply of efferent sympathetic nerves. 
The release of noradrenaline from renal sympathetic nerve 
terminals has three major consequences: (i) it stimulates 
6,-adrenoceptors on juxtaglomerular granular cells to 
release renin [19] thereby increasing activity of the renin- 
angiotensin—aldosterone system [19, 20]; (ii) it decreases 
urinary sodium and water excretion via enhanced tubular 
reabsorption [21], and (iii) it reduces renal blood flow and 
glomerular filtration rate via constriction of the renal vas- 
culature [22]. 


Afferent Renal Nerves 


The kidneys also have abundant afferent sensory innervation, 
with sensory nerve fibers projecting from the kidney to the 
central nervous system via the dorsal root ganglia. The cell 
bodies of the afferent renal nerves are located in ipsilateral 
dorsal root ganglia predominantly from Tı to L;[23]. In 
contrast to the widespread distribution of the efferent sympa- 
thetic nerve fibers in the kidney, the major locations of the 
afferent renal sensory nerves are in the renal pelvic area [18, 
24]. The pelvic pressure is a major determinant of afferent 
renal nerve activity and increments in urine flow rate increase 
the firing rate of renal afferent fibers [25]. This in turn results 
in a decrease in efferent renal sympathetic nerve activity and 
an increase in urinary sodium excretion, a reno-renal reflex 
response [26]. An increase in efferent renal nerve activity 
modulates afferent renal activity by the release of noradrena- 
line, which activates o,-adrenoceptors (ARs) and o-ARs on 
renal sensory nerves [18]. 

From the above considerations it is conceivable that acti- 
vation of renal nerves contributes substantially to both acute 
and long term blood pressure changes, but may also have 
important implications beyond blood pressure control. 


Sympathetic Nerve Activity 
and Hypertension 


While the pathogenesis of essential hypertension is multi- 
factorial, sympathetic nervous system activation has been 
established as a major contributor to the development of 
hypertension. Based on direct recordings of muscle sympa- 
thetic nerve activity and measurement of the release of nor- 
adrenaline from organs critically involved in circulatory 
control such as the kidney and the heart, it is now well estab- 
lished that arterial hypertension, is commonly neurogenic, 
the blood pressure rise being initiated and sustained by 
increased sympathetic activity [7, 27]. The increase in the 
number of sympathetic bursts to the skeletal muscle circula- 
tion has been related directly to the degree of blood pressure 
elevation [28]. 
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Studies employing radiotracer dilution methodology to 
measure overflow of noradrenaline (NE) from the kid- 
neys to plasma have provided unequivocal evidence for 
increased renal noradrenaline spillover rates in patients 
with essential hypertension [7, 29]. Furthermore, elevated 
NE spillover from the heart is also often present and is com- 
mensurate with the typical hemodynamic profile seen in 
hypertensive patients [30, 31]. Importantly, sympathetic 
activation is commonly present in subjects with borderline 
hypertension and even in normotensive individuals with a 
strong genetic predisposition to develop hypertension, 
indicative of a causal role of sympathetic activation in blood 
pressure elevation [32]. 

The consequences of increased sympathetic outflow to 
the kidneys, perhaps most important in this context and 
described above in more detail include volume retention via 
tubular sodium re-absorption [21], reduced renal blood flow 
through neutrally mediated vasoconstriction [22, 33], and 
release of renin from the juxtaglomerular apparatus [20], all 
of which can contribute to blood pressure elevation, both 
acutely and in the long term. Accordingly, targeting the sym- 
pathetic nervous system appears to be a logical therapeutic 
approach for the treatment of hypertension. 


Surgical Sympathectomy for the Treatment 
of Hypertension 


The concept of targeting (renal) sympathetic nerves for the 
treatment of hypertension is an old one. It has long been rec- 
ognized that RDN results in diuresis and natriuresis in ani- 
mal studies [34, 35]. Bello-Reuss et al. [36] found that 
diuresis and natriuresis after acute RDN was caused by a 
depression of sodium and water reabsorption in the proximal 
tubule with partial compensation in more distal nephron seg- 
ments. Indeed, bilateral RDN has been shown in many 
experimental models to reduced blood pressure or prevent 
the development of hypertension and has been carried out in 
many models of experimental hypertension, as previously 
summarized [6]. 

In the human setting, prior to the availability of effective 
pharmacologic drug therapy, surgical RDN was applied 
since the early 1920s and 1930s with thoraco-lumbar 
splanchnicectomy being the most commonly used form of 
surgical sympathectomy. It has been reported that the aver- 
age survival time of patients in the malignant phase of hyper- 
tension at the time was only 8 months [37]. Although the 
results of sympathectomy in hypertension were not subjected 
to rigorous scientific analysis, a relatively high rate of long- 
term improvement of hypertension was reported [37—40]. 
Sympathectomy at the time was performed in either one or 
two stages and required a prolonged hospital stay (2—4 weeks) 
with a long recovery period (1-2 months). In a large 
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population study including 1,266 hypertensive patients who 
underwent splanchnicectomy and 467 hypertensive control 
subjects treated by low salt diet only, the 5-year mortality 
rates were 19 and 54 %, respectively. Fourty-five percent of 
those who survived the surgery had significantly lower blood 
pressure afterwards, and the antihypertensive effect lasted 
10 years or more [41]. Another large observational study of 
more than 2,000 patients 1,506 of whom underwent splanch- 
nicectomy demonstrated a satisfactory blood pressure 
response in about half of the patients who underwent 
splanchnicectomy [42]. Interestingly, sympathectomy ren- 
dered blood pressure more sensitive to antihypertensive 
drugs, allowing a reduction in the number and doses of 
administered drugs. While surgical sympathectomy was 
effective in lowering blood pressure and improve outcomes 
in many cases it carried severe postoperative complications: 
prolonged hospitalisation, orthostatic hypotension, syncope, 
incontinence (both urinary and faecal) and difficulties in 
walking. As a consequence and due to the advent of effective 
pharmacological antihypertensive therapies, surgical sympa- 
thectomy for the treatment of hypertension was soon 
abandoned. 


Endovascular Radiofrequency Ablation 
of the Renal Nerves 


With the advances in technology and the availability of mini- 
mally invasive procedures, the concept of selective sympa- 
thectomy, or more specifically, renal sympathetic denervation, 
was recently revisited and resulted in the development of a 
catheter-based device using radiofrequency energy for abla- 
tion of renal nerves via the lumen of the renal artery, as 
described in detail in other chapters in this book. Given the 
relevance of renal sympathetic nerve activity for many other 
conditions commonly characterized by increased sympa- 
thetic drive, several preliminary and mostly uncontrolled 
studies have been performed and are briefly reviewed below. 


End-Stage Renal Failure 


Increased activity of the sympathetic nervous system has 
clearly been demonstrated to contribute substantially to ele- 
vated blood pressure levels commonly seen in patients with 
ESRD on dialysis [12, 43-45]. Very recently, preliminary 
data on the feasibility of renal denervation and its effects on 
blood pressure and sympathetic nerve activity in ESRD 
patients have been reported [46]. 

In this initial safety and proof-of-concept study RDN 
was performed in 12 patients with ESRD and uncontrolled 
blood pressure (BP). Standardized BP measurements were 
obtained in all patients on dialysis free days at baseline and 
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follow up and measures of renal noradrenaline spillover and 
muscle sympathetic nerve activity were available from five 
patients at baseline and from two patients at 12 month 
follow up and beyond. The average office BP was 
170.8 + 16.9/89.2+ 12.1 mmHg despite the use of 3.8 + 1.4 
antihypertensive drugs in these patients. All five patients in 
whom muscle sympathetic nerve activity and noradrenaline 
spillover was assessed at baseline displayed substantially 
elevated levels, confirming high sympathetic tone in patients 
with ESRD. Of note, 3 out of 12 patients could not undergo 
RDN due to atrophic renal arteries, which made it impossi- 
ble to position the RF treatment catheter appropriately. 
Compared to baseline, office systolic BP was significantly 
reduced at 3, 6, and 12 months after RDN (from 166+ 16.0 
to 148+11, 150+14, and 138+17 mmHg, respectively), 
whereas no change was evident in the three non-treated 
patients. While preliminary in nature, these data indicate 
that RDN is feasible in patients with ESRD and appears to 
be associated with a sustained reduction in systolic office 
BP. In this patient cohort, technical issues may arise owing 
to atrophic renal arteries which may pose a problem for 
application of this technology in some patients with 
ESRD. Further studies are required to confirm these initial 
findings and assess the best technical approach to RDN 
treatment of this patient cohort. 


Congestive Heart Failure 


Whilst hypertension is an important etiological factor in the 
subsequent development of systolic chronic heart failure 
(CHF), patients with established systolic CHF generally 
have normal, and usually low, systemic blood pressure val- 
ues. They do, however, have a markedly and chronically acti- 
vated sympathetic nervous system which is strongly linked 
to progression of underlying disease processes as well as 
poor clinical outcomes in this setting [47]. Furthermore, it 
has been demonstrated that renal sympathetic nerve activity 
predicts outcomes in patients with heart failure, lending fur- 
ther support to the potentially beneficial concept of specifi- 
cally targeting renal nerves in this scenario [48]. This is 
supported further by animal studies which have demon- 
strated improved cardiac function and reduced pathological 
fibrosis following renal denervation [49], as well as improved 
renal blood flow in the heart failure setting with potentially 
significant implications for the cardio-renal syndrome [50]. 
The effects of RDN in patients with heart failure are cur- 
rently assessed in various studies and the results of a small 
pilot study including seven patients with chronic mild to 
moderate systolic heart failure have been published recently. 
In these seven patients with a mean ejection fraction of 
43+15 % no procedural or safety concerns were encoun- 
tered [51] particularly no major drop in BP despite low 
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baseline levels and no change in renal function. A mild 
improvement in the 6-min walking test could be detected, 
while ejection fraction and other cardiac structural and func- 
tional parameters were not changed significantly at 6 months 
after the procedure. 

Currently, there are two ongoing clinical trials, 
Symplicity-HF (RDN in Patients with Chronic Heart Failure 
and Renal Impairment Clinical Trial) and REACH (Renal 
Artery Denervation in Chronic Heart Failure), investigating 
the safety and efficacy of RDN in patients with systolic 
CHF. The results of these clinical trials will provide impor- 
tant physiological information on the impact of RDN on 
cardiac function, as well as information to determine the 
safety, feasibility, efficacy, and durability of such an 
approach and whether there is therapeutic value of RDN in 
patients with CHF. 


Insulin Resistance 


Hypertension is more common in patients with diabetes than 
in the general population and is associated with impaired 
glucose metabolism and insulin resistance. Activation of the 
SNS may contribute to either condition. There are three 
major lines of evidence to indicate that sympathetic nervous 
system activation plays a critical role in the genesis and/or 
progression of insulin resistance and the risk associated with 
the condition. 

Sympathetic activation causes peripheral vasoconstric- 
tion through release of the neurotransmitter noradrenaline 
from sympathetic nerve terminals and subsequent activation 
of vascular smooth muscle adrenoceptors. In the human 
forearm, increased noradrenaline release results in a sub- 
stantial reduction in forearm blood flow and is associated 
with a markedly reduced forearm uptake of glucose, high- 
lighting the adverse effect of sympathetic activation on the 
ability of the cell to transport glucose across its membrane, 
a hallmark of insulin resistance [52]. This is probably the 
result of a reduced number of open capillaries due to vaso- 
constriction and an increase in the distance that insulin must 
travel to reach the cell membrane from the intravascular 
compartment. This situation may be enhanced further if 
insulin resistance is already established, a state in which the 
ability of insulin to increase muscle perfusion has been 
demonstrated to be reduced by approximately 30 % [53]. 
These observations indicate that sympathetic nervous sys- 
tem activation modulates insulin sensitivity through altera- 
tions in regional haemodynamics and effects on glucose 
transport across the cell via non-hemodynamic effects, such 
as increased adipose tissue lipolysis, which releases free 
fatty acids into the circulation, thereby engaging a mecha- 
nism that directly inhibits glucose transport across the cell 
membrane. 
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Based on these considerations it is perhaps not surprising 
that reducing sympathetic activation may beneficially influ- 
ence glucose homeostasis and insulin resistance. Indeed, a 
recent report demonstrated potential beneficial effects on 
glucose metabolism and insulin sensitivity with RDN [54]. 
In this study, 37 resistant hypertensive patients underwent 
bilateral catheter-based RDN, while 13 untreated patients 
served as controls. Office blood pressure was reduced by 
—28/-10 mmHg (p<0.001) and —32/-12 mmHg (P<0.001) 
at 1 and 3 months in the RDN group. Most relevant in this 
context, levels of fasting glucose (P=0.039), insulin 
(P=0.006), C-peptide (P=0.002) and HOMA index 
(P=0.001) were all reduced significantly, as were mean 2-h 
glucose levels during oral glucose tolerance test (P=0.012). 
In contrast, there were no significant changes in blood pres- 
sure or metabolic markers in the control group. 

Clearly, additional studies are required to confirm these 
initial findings and the currently ongoing DREAMS 
(Denervation of the Renal Artery in Metabolic Syndrome) 
study will assess changes in insulin resistance at 1-year 
follow-up after RDN in patients with metabolic syndrome 
and elevated fasting glucose. 


Obstructive Sleep Apnea 


It has been suggested that up to 80 % of patients with resistant 
hypertension suffer from obstructive sleep apnea (OSA), defined 
as an apnea/hypopnea index (AHI) >5 events per hour [55-57]. 
Current guidelines therefore recommend screening for and 
treatment of sleep apnea in patients with resistant hypertension 
[58]. While several pathophysiologial mechanisms have been 
suggested to contribute to this detrimental relationship, there is 
general agreement that a major mechanism is an increase in 
sympathetic activity during the apneas [59]. 

Perhaps not unexpectedly, preliminary data indicates 
potential favorable effects on sleep apnea severity in patients 
with resistant hypertension and concomitant sleep apnea, as 
recently reported by Witkowski and colleagues [60]. In this 
proof-of-concept study, a total of ten patients with refractory 
hypertension and sleep apnea (seven men and three women; 
median age: 49.5 years) underwent renal denervation and 
completed 3-month and 6-month follow-up evaluations, 
including polysomnography. Antihypertensive regimens 
were not changed during the 6 months of follow-up. Three 
and 6 months after denervation, decreases in office systolic 
and diastolic BPs were observed (median: —34/-13 mmHg at 
6 months; both P<0.01). A decrease in AHI at 6 months 
after renal denervation was observed in eight out of ten 
patients (median: 16.3 versus 4.5 events per hour; P=0.059). 

These preliminary data suggest that catheter-based renal 
sympathetic denervation may lower OSA severity and con- 
firmed previously described beneficial effects on glucose 


19 Renal Denervation: Potential Future Implications Beyond Resistant Hypertension 159 


metabolism, indicating that patients with co-morbid resistant 
hypertension, glucose intolerance, and obstructive sleep apnea, 
may specifically benefit from this procedure. While no direct 
mechanistic insights could be obtained from this study, it is 
conceivable that renal denervation reduces salt avidity by effer- 
ent sympathetic renal nerve disruption and might reduce total 
body fluid, which is thought to contribute to obstructive epi- 
sodes through peripharyngeal fluid accumulation that may pre- 
dispose to upper airway obstruction [61]. Furthermore, venous 
capacitance remains under the control of the sympathetic ner- 
vous system and it is likely that renal denervation affects 
venous capacitance and blood pooling [62], thereby providing 
a further potential mechanism through which renal denervation 
could reduce OSA severity in resistant hypertension. 


Atrial Fibrillation 


Both animal and human studies suggest that the autonomic 
nervous system plays an important role in initiation and 
maintenance of atrial fibrillation (AF). Chen et al. docu- 
mented that simultaneous sympatho-vagal activation was the 
most common trigger of paroxysmal atrial fibrillation (PAF) 
in dogs [63], which is consistent with several other reports 
[64, 65]. In human studies, Huang et al. [66] suggested that 
idiopathic PAF is primarily dependent on vagal withdrawal, 
while organic PAF is triggered by sympathetic excitation. 
Some studies observed increased sympathetic tone or a loss 
of vagal tone before the onset of AF [67, 68]. More recently, 
Pokushalov et al. [69] reported that RDN reduced AF recur- 
rence when combined with pulmonary vein isolation (PVD). 
In this study, 27 hypertensive patients with a history of 
symptomatic paroxysmal or persistent AF were enrolled, 14 
of whom underwent PVI only, and 13 were treated with PVI 
and RDN. At 12 months follow-up, patients in the PVI+RDN 
group not only experienced a significant reduction in systolic 
(181+7 to 15645 mmHg; p<0.001) and diastolic blood 
pressure (97+6 to 87+4 mmHg; p<0.001) but also had a 
substantially lower rate of recurrence of AF. Nine of the 13 
patients (69 %) treated with PVI plus renal denervation were 
AF-free versus 4 (29 %) of the 14 patients in the PVI-only 
group (p=0.033). Although optimized blood pressure con- 
trol might play a considerable role in the reduction of AF 
recurrence, this study raises the possibility that reducing 
sympathetic drive with RDN may reduce the rate of AF 
recurrence in resistant hypertensive patients. 


Conclusions 

Renal denervation has emerged as a novel treatment option 
for patients with resistant hypertension whose blood pres- 
sure cannot be controlled by optimal combinations of life- 
style modification and pharmacotherapy. Based on the 


mechanisms underpinning several other relevant condi- 
tions commonly associated with hypertension, benefits 
beyond improved BP control could potentially be expected 
in the context of end stage renal disease, heart failure, 
impaired glucose metabolism, obstructive sleep apnea, 
and others. However, at this stage there is not sufficient 
evidence to support its use in any of these potential indica- 
tions. Appropriately designed prospective randomized 
controlled trials will be required to explore this further. 
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Key Points 

e Chronic heart failure is associated with global 
increase in sympathetic activity, a marker of adverse 
outcome. 

e The sympathetic nervous system activates the renin- 
angiotensin-aldosterone system via the efferent 
renal nerves 

e The afferent renal nerves create positive feedback, 
further increasing global sympathetic tone 

e Pharmacological agents (ACE inhibitors, beta 
blockers, aldosterone inhibitors) act to decrease the 
global sympathetic tone and renin-angiotensin- 
aldosterone pathway but optimal doses are rarely 
achieved in clinical practice 

e Pilot data suggests renal denervation is safe in heart 
failure and causes only a small decrease in blood 
pressure in this population 

e Randomised controlled trials of renal denervation 
in heart failure are underway and due to report in 
2014/2015 


The Global Burden of Heart Failure 


Heart failure is an increasing epidemic within the developed 
world. Twenty percent of people over 40 will develop heart 
failure over their lifetime and over 650,000 cases are diag- 
nosed annually. The total cost of heart failure care in the 
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USA is in excess of $30 billion a year [1]. Despite improve- 
ments in treatment, survival rates remain poor with a 50 % 
mortality at 5 years after diagnosis and a high burden of mor- 
bidity [2]. Heart failure is the most common cause for hospi- 
tal admission in the elderly and admissions are often 
prolonged [3]. Patients are often significantly limited by 
shortness of breath and quality of life is impaired [4]. While 
pharmacological treatments have improved outcomes, there 
is still a significant unmet need for treatments that improve 
survival and symptoms. 


Heart Failure with Preserved 
Ejection Fraction 


Heart failure with preserved ejection fraction (HF-PEF) con- 
stitutes up to half of heart failure with an increasing preva- 
lence in the community [5]. Patients with HF-PEF have signs 
and symptoms consistent with heart failure but with an ejec- 
tion fraction within normal limits or only mildly reduced. 
The diagnosis of HF-PEF is challenging, with co-morbidities 
contributing to shortness of breath, such as lung disease and 
obesity, more prevalent in HF-PEF [6]. Compared to the sys- 
tolic heart failure population, patients with HF-PEF are more 
likely to be female, tend to be older and the underlying aeti- 
ology is more commonly hypertension with a lower rate of 
ischaemic heart disease. The precise definition of HF-PEF is 
variable between trials, usually including patients with an 
ejection fraction of 45 % and above in patients with signs 
and symptoms consistent with heart failure. 


Heart Failure and the Sympathetic 
Nervous System 


The presence of increased sympathetic activity has been 
well demonstrated in both systolic heart failure [7, 8] and 
heart failure with preserved [9] or mildly reduced ejection 
fraction [10, 11]. These patients have on-going maladaptive 
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hyper-stimulation of the neurohormonal and sympathetic 
nervous systems [12-14] as a result of reduced cardiac 
output. The sympathetic nervous system is activated ear- 
lier than the renin-angiotensinogen-aldosterone system, 
with increased sympathetic stimulation particularly to the 
heart and kidneys [15]. This increased sympathetic tone 
is accompanied by decreased parasympathetic tone [16]. 
Initially, these systems act to compensate for the under- 
lying myocardial impairment, allowing maintenance of 
cardiac homeostasis. This is beneficial in situations of 
acute myocardial impairment, for example with an acute 
infarction, however in chronic disease, the long term neu- 
rohormonal and sympathetic activation have deleterious 
effects. 

Sympathetic over-activity causes an increase in heart rate, 
cardiac contractility and peripheral vasoconstriction. 
Activation of the sympathetic nervous system occurs via 
multiple mechanisms. The central and peripheral chemore- 
ceptors detect changes in oxygen and carbon dioxide con- 
centration and act to stimulate the SNS if hypoxia or 
hypercapnia are detected. Inhibition occurs via barorecep- 
tors located in the carotid sinuses and aortic arch. A decrease 
in blood pressure detected by the baroreceptors causes a 
reflex increase in heart rate, allowing maintenance of cardiac 
output. Finally, sympathetic activity stimulates the release of 
renin and increased activity of the renin-angiotensin- 
aldosterone system. Angiotensin II produced as a result of 
this causes positive feedback with further stimulation of the 
sympathetic nervous system (Fig. 20.1) [15]. 

In heart failure, sympathetic stimulation leads to activa- 
tion of the renin-angiotensin-aldosterone system with 
increased sodium re-absorption from the distal and proximal 
tubules within the nephrons. Renin release and resultant 
angiotensin II generation results in activation of the sodium/ 
hydrogen exchange transporters and sodium bicarbonate co- 
transporters, leading to re-absorption of sodium in the proxi- 
mal tubules [17]. Water re-absorption is further increased 
through vasoconstriction of the efferent renal arteriole, 
increasing the hydrostatic gradient across the renal tubules 
[18]. Aldosterone acts on the distal tubule and collecting 
duct, activating the sodium-potassium pumps and further 
increasing sodium retention within the body’s circulation. 
This leads to an increase in circulating volume, with water 
re-absorbed with the sodium and potentially resulting in pul- 
monary and peripheral oedema. 

Separately, sympathetic signalling to the heart itself is 
increased [19]. Release of norepinephrine from the right stel- 
late ganglion results in an increased heart rate through 
actions on the sinus and atrioventricular nodes [12]. Increased 
sympathetic stimulation of the heart increases oxygen con- 
sumption by the myocardium and increases propensity to 
arrhythmia. The sympathetic nervous system also alters the 
chemoreceptor sensitivity to carbon dioxide, leading to an 
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Fig. 20.1 Interaction of the sympathetic nervous system, kidney and 
activation of the renin-angiotensin-aldosterone pathway 


increased perception of shortness of breath and sleep 
disturbances such as periodic breathing. The increased sym- 
pathetic tone results in peripheral vasoconstriction, with a 
resultant increase in afterload which, over time, results in 
further myocardial impairment. 

It is therefore not surprising that the level of sympathetic 
over-activity is predictive of adverse prognosis in heart fail- 
ure. Plasma norepinephrine, the principal neurotransmitter in 
the sympathetic nervous system, was first shown to predict 
outcome in 1984 [20]. High renal norepinephrine levels mea- 
sured invasively were later shown to be predictive of adverse 
outcome in a population of chronic heart failure patients fol- 
lowed for 6 years with a combined endpoint of all-cause 
mortality and heart transplantation [21]. Norepinephrine can 
be measured either globally (plasma norepinephrine) or 
regionally e.g. renal norepinephrine spillover, via invasive 
catheterisation. Renal norepinephrine in this study was 
independently predictive of outcome when entered into a 
model with total body norepinephrine spillover, glomerular 
filtration rate and ejection fraction. Patients with high 
sympathetic over-activity are also more symptomatic with a 
poorer functional capacity [22, 23] and an increased predis- 
position to arrhythmia [24]. Non invasive markers of high 
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sympathetic tone, including heart rate variability [25, 26] 
have also been shown to predict adverse outcome in heart 
failure. 

Tablets that target the sympathetic nervous system and the 
renin-angiotensin-aldosterone system have a strong prognos- 
tic benefit in systolic heart failure. There is less evidence for 
benefit in patients with heart failure and preserved ejection 
fraction, although trial data which included patients with 
mildly impaired systolic function did show some prognostic 
benefit. 


Pharmacological Trials in Systolic Heart 
Failure 


Inhibitors of the Renin-Angiotensin- 
Aldosterone Pathway 


Inhibitors of the angiotensin converting enzyme (ACE) 
reduce the production of angiotensin II and aldosterone lev- 
els with a corresponding increase in renin. In systolic heart 
failure, treatment with ACE inhibitors leads to an improve- 
ment in levels of circulating plasma norepinephrine [27] 
thought to occur as a result of improved haemodynamics and 
the reduced angiotensin II leading to decreased stimulation 
of the sympathetic nervous system. Reduction in angiotensin 
II, a potent vasoconstrictor, causes improvement in the after- 
load through relaxation of the peripheral vascular system and 
reduction in venous dilatation decreases pulmonary conges- 
tion and the preload. Prognostic benefit of ACE inhibitors in 
systolic heart failure was shown in the SOLVD [28] and 
CONSENSUS [29] trials. 

Aldosterone antagonists such as spironolactone reduce 
production of aldosterone, reducing retention of water and 
sodium. This was shown to have a prognostic benefit in 
systolic heart failure in the RALES trial, with a 30 % reduc- 
tion in death compared to the placebo group and a 35 % 
decrease in hospitalization following commencement of 
spironolactone [30]. 

Direct renin inhibitors such as aliskiren have also been 
shown to reduce B-type natriuetic peptide in patients with 
chronic heart failure [31], although in a large double blinded 
randomised controlled trial, addition of aliskiren to standard 
therapy in a cohort of 1,639 patients with a recent heart fail- 
ure hospitalisation did not reduce CV death or HF rehospital- 
ization at 6 months or 12 months after discharge [32]. 

Beta blockers were initially thought to be harmful in sys- 
tolic heart failure as administration to patients who were 
acutely fluid overloaded often caused haemodynamic decom- 
pensation. However in chronic systolic heart failure, beta 
blockers decrease total sympathetic activity, leading to 
improvement in symptoms and reduction in mortality. The 6, 
receptors on the myocardium are down-regulated in heart 
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failure as a result of the excess sympathetic tone with loss of 
the force-frequency relationship and these changes are 
reversed by beta blocker therapy [33]. Cardiac Insufficiency 
Bisoprolol Study (CIBIS) was the first trial to demonstrate a 
prognostic benefit of beta blockage in chronic systolic heart 
failure [34]. This was confirmed in the CIBIS-II which dem- 
onstrated a significant reduction in all cause and sudden 
death in patients treated with bisoprolol compared with pla- 
cebo [35]. Beta blockers have also been shown to reduce 
plasma renin activity in heart failure [36]. 


Centrally Acting Inhibitors of the Sympathetic 
Nervous System 


Interest in global sympathetic activation led to the investi- 
gation of centrally acting inhibitors of the sympathetic ner- 
vous system. Small studies in the late 1990s in systolic 
heart failure demonstrated that administration of clonidine, 
acentrally acting agent causing a decrease in global sympa- 
thetic tone, led to a decrease in cardiac and global norepi- 
nephrine spillover [37]. This promising finding led to the 
multicentre randomised double blinded Moxonidine in 
Congestive Heart Failure (MOXCON) trial, which ran- 
domised patients with NYHA class I-IV heart failure and 
reduced ejection fraction to a sustained release preparation 
of monoxidine or placebo. Measurement of plasma norepi- 
nephrine demonstrated a significant decrease in total sym- 
pathetic nervous activity, with a 19 % decrease in the 
monoxidine group compared to a small increase (7 %) in 
the placebo group. 

However, the trial was terminated prematurely due to an 
excess of deaths in the monoxidine group after 1,934 patients 
were entered. As well as an excess in all cause mortality, 
there were increased rates of hospitalisation for heart failure 
and acute myocardial infarction in the monoxidine group 
[38]. Questions were raised regarding the up-titration regi- 
men of the trial and whether the doses used were too high, 
however in view of the excess of mortality in the trial, no 
further investigation of centrally acting sympathetic antago- 
nists are currently planned. 


Pharmacological Trials in Heart Failure 
with Preserved Ejection Fraction 


The evidence base for pharmacological treatment in patients 
with heart failure and preserved ejection fraction is much 
smaller. Trials in HF-PEF are challenging as accurate identi- 
fication of patients is less clear-cut than for systolic heart 
failure, due to clustering of disease processes leading to 
shortness of breath [39]. Most trials included patients with 
mild systolic left ventricular impairment (EF of 45 % or 
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greater) on the basis that diastolic impairment is likely to be 
accompanied by systolic heart failure. 

The PEP-CHF trial [40] enrolled patients aged 70 or 
greater with a clinical diagnosis of heart failure due to LV 
diastolic dysfunction, based on signs and symptoms of heart 
failure, left atrial enlargement, left ventricular hypertrophy 
and echocardiographic markers of impaired LV filling based 
on E/A ratio and isovolaemic relaxation time. Patients with 
atrial fibrillation were considered to have LV impaired fill- 
ing. This trial showed a significant reduction in hospitaliza- 
tion for heart failure at 1 year with improvement in functional 
class and 6-min walk distance, although the trial was ham- 
pered by a high number of patients withdrawing from the 
trial to take open-label ACE-inhibitors, reducing its power. 

I-PRESERVE [41] studied a population of 4,128 patients 
with a diagnosis of HF-PEF, defined as an ejection fraction 
of 45 % or greater with a hospitalisation in the previous 
6 months and NYHA class II-IV. Patients had a mean blood 
pressure of 137+15/79+9. Patients were randomised to 
300 mg irbesartan or placebo. During a mean follow-up of 
50 months, the primary outcome occurred in 742 patients in 
the irbesartan group and 763 in the placebo group with no 
difference in outcome between the two groups. 

The CHARM-Preserved trial [42] randomised 3,023 
patients with LVEF greater than 40 % and New York Heart 
Association functional class II-IV to candesartan (titrated up 
to a target of 32 mg) or placebo. There was no difference in 
rates of cardiovascular between the groups but fewer patients 
assigned to candesartan had heart failure admissions com- 
pared to the placebo group (230 vs 279, p=0.017). 

The SENIORS (Study of Effects of Nebivolol Intervention 
on Outcomes and Rehospitalization in Seniors With Heart 
Failure) trial [43], assessed the effect of nebivolol in a cohort 
of 2,111 patients aged 70 and above. The study cohort was 
examined to assess cohorts of impaired ejection fraction 
(<35 %) and “preserved ejection fraction” with an EF of 
35 % or above. The primary endpoint of all-cause mortality 
and cardiovascular hospitalization was reached in a similar 
proportion of patients in both groups. Both groups showed 
similar benefit from nebivolol treatment. 

The DIG-PEF trial enrolled 988 patients with symptom- 
atic heart failure with an ejection fraction greater than 45 %. 
Digoxin had no effect on all cause or cause specific mortality 
or all-cause or cardiovascular hospitalisation [44]. By con- 
trast, in the reduced ejection fraction cohort of the same trial, 
while digoxin had no effect on mortality, it did lead to a sig- 
nificant decrease in rates of hospitalisation [45]. 

Pharmacological treatment of heart failure is challenging 
in both systolic heart failure and HF-PEF. In systolic heart 
failure, few patients attain maximal doses of beta blockers, 
ACE inhibitors or aldosterone antagonists with up-titration 
often limited by renal impairment, symptomatic hypotension 
and other side effects. In HF-PEF, the evidence base for 
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treatment is much smaller and may therapies have not been 
shown to improve survival. 

There is therefore an unmet need in both pathologies for 
novel treatments. Therapy that is able to target the maladap- 
tive signal processes at an early stage, reducing chronic sym- 
pathetic stimulation would theoretically be of benefit. 


The Role of the Kidney in Pathogenesis 
of Heart Failure 


The kidney plays a key role in heart failure pathophysiology, 
both responding to increased sympathetic tone, via the effer- 
ent signalling pathways and also in stimulation of increased 
sympathetic tone, via the afferent signalling pathways. The 
reduced cardiac output of heart failure increases both renal 
efferent and afferent nerve discharge. The renal sympathetic 
supply innervates the renal arteries and veins, the juxtaglo- 
merular apparatus and the renal tubules. 

Discharge of norepinephrine from the renal efferent 
nerves activates the renin-angiotensin system, reducing renal 
blood flow and leading to increased sodium reabsorption 
from the proximal tubules and water retention. There is an 
increase in renal vascular resistance resulting from the rela- 
tively greater constriction of the afferent compared to the 
efferent renal arterioles to the glomeruli, resulting in a 
decreased glomerular filtration rate. 

Meanwhile, increased afferent nerve discharge enhances 
central sympathetic drive increasing heart rate, arterial tone, 
and myocardial oxygen consumption. These afferent fibres 
transmit sensory information from the kidney to the central 
nervous system [46, 47], largely the brain stem and hypo- 
thalamus. The afferent renal sensory nerves are stimulated 
by hypoxia, renal ischaemia and oxidative stress. Increased 
afferent sympathetic signalling is likely to lead to a reflex 
increase in renal sympathetic tone, known as the reno-renal 
reflex [15]. 


Cardio-Renal Syndrome 


Most patients hospitalised for acute decompensated heart 
failure have renal impairment [48]. Cardiorenal syndrome 
describes the complex interaction of the heart and the kid- 
ney (Fig. 20.2). The failing heart can cause a previously 
normally functioning kidney to behave as though it were 
intrinsically diseased and vice versa. For the failing heart, 
renal impairment and dysfunction may occur as a result of 
decreased renal perfusion, but there are a number of neuro- 
hormonal, immune and cytokine mediated mechanisms that 
link the two organs. Treatment of the underlying heart fail- 
ure in the presence of significant renal impairment is further 
complicated by the adverse effect of ACE inhibitors on 
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Fig. 20.2 Complex interaction of the heart and the kidney. The interplay between the two describes the cardiorenal syndrome (Adapted from 


Ronco et al. [49]) 


renal function, in particular requiring caution to avoid 
hyperkalaemia. While sympathetic activity has a deleteri- 
ous effect on both organs, this is only a small part of the 
interaction [49]. 


Chemoreceptors: A Further Source 
of Increased Sympathetic Tone 


Sympathetic over-activity in heart failure is also mediated by 
the baro- and chemo-receptors. The arterial baroreceptor 
reflexes, which inhibit the sympathetic nervous system, are 
suppressed, whereas the chemoreceptor reflexes, which 
increase sympathetic activity, are augmented [12, 50]. As 
well as modulating overall sympathetic activity, the chemo- 
receptors are likely to also impact on patient perception of 
symptoms. Increased chemoreceptor sensitivity to carbon 
dioxide leads to an increased perception of shortness of 
breath and sleep disturbances such as periodic breathing 


(51, 52]. Enhanced chemosensitivity to hypercapnia is an 
adverse prognostic marker in chronic systolic heart failure 
and is known to be associated with greater neurohormonal 
activation [53]. There is therefore a potential role for renal 
denervation not only in modulation of sympathetic tone but 
also in resultant reduction in chemoreceptor sensitivity, lead- 
ing to improvement in shortness of breath. 


Evidence for Renal Denervation 
as a Potential Treatment for Heart Failure 


Animal Models 


Small animal models of denervation use surgical ligation of 
the renal nerves rather than radiofrequency energy. Selective 
division of the dorsal spinal nerve roots prevented hyperten- 
sion in a rat model of renal failure, demonstrating that 
afferent nerve fibres were implicated in development of 
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hypertension in chronic renal failure [54]. Conversely, direct 
renal injury using phenol resulted in an acute increase in 
renal sympathetic efferent and afferent nerve discharge and 
an increase in norepinephrine secretion, resulting in hyper- 
tension [55] and demonstrating the effect of renal efferent 
signalling in global increase in sympathetic tone with a cor- 
responding increase in blood pressure. 

Rats with heart failure produced by ligation of the left 
anterior descending artery showed a reduction in sodium 
retention following surgical renal denervation [56]. Rabbits 
with pacing-induced heart failure have also allowed assess- 
ment of the effects of renal denervation. Those with surgi- 
cal renal denervation prior to pacing did not exhibit 
changes in renal vascular resistance or expression of angio- 
tensin II receptors compared to the non-denervated popula- 
tion [57]. 


Data from the Hypertension Trials of Renal 
Denervation 


Radiofrequency ablation of the renal sympathetic nerves has 
been shown to lead to a decrease in both renal efferent and 
afferent outflow in hypertensive patients [46]. If the same 
holds true in heart failure, reduction in efferent outflow will 
lead to activation of the renin-angiotensin-aldosterone sys- 
tem, while decrease in the afferent signalling will decrease 
further positive feedback via the hypothalamus, leading to a 
decrease in total sympathetic activity. Data from the hyper- 
tensive population demonstrated a marked decrease in renal 
norepinephrine spillover following bilateral percutaneous 
denervation (47 % reduction at 1 month) and a correspond- 
ing 50 % decrease in plasma renin. These results suggest a 
successful reduction in both renal efferent and afferent activ- 
ity post denervation [47]. 


Pilot Data in Chronic Heart Failure 


REACH-pilot was an open label study which explored the 
safety of renal denervation in chronic systolic heart failure 
[58]. Seven patients in NYHA class II or IV on maximal 
tolerated medical therapy, including a beta-blocker, ACE 
inhibitor or angiotensin receptor blocker, and spironolactone 
underwent bilateral renal denervation. Patients were admit- 
ted for 5 days for inpatient monitoring to assess for any 
change in haemodynamics following the procedure. 

All seven patients successfully completed the procedure 
and all felt symptomatically improved. There was a small but 
significant increase in the 6 min walk distance (by 27+ 10 m, 
Fig. 20.3). No patients had symptomatic hypotension as a 
result of the procedure and blood pressure remained stable 
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Fig. 20.3 Six minute walk distance increased over the 6 months fol- 
lowing renal denervation in the REACH pilot study (Reprinted from 
Davies et al. [58] with permission from Elsevier) 


over the 6 month follow up with only a small trend to blood 
pressure reduction (—7/—0.6 mmHg) immediately post pro- 
cedure (Fig. 20.4) and a similar, non significant, decrease in 
heart rate (AHR —4+4.6 beats per minute). No patients were 
re-admitted for heart failure symptoms or complications as a 
result of the procedure. Renal function remained stable over 
the 6 month period following the procedure. 

Four patients had their loop diuretic stopped following 
renal denervation due to a reduction in peripheral odema. 
There was a need to decrease prognostically important heart 
failure medications (ACE inhibitors and beta blockers) in 
four (57 %) of the patients, although two other patients had 
their beta blocker and ACE inhibitor up-titrated over the 
6 months following renal denervation. 

The OLOMOUC study, presented at the European 
Society of Cardiology in 2012, compared patients with 
advanced heart failure (NYHA class II-IV) assigned to 
either renal denervation or standard medical therapy [59]. 
The primary endpoint was rehospitalisation at 12 months 
and change in left ventricular end diastolic dimensions. Of 
the 26 patients assigned to renal denervation, there was one 
complication, an arterio-venous fistula in the renal artery, 
requiring surgical revision. At 12 months, patients assigned 
to renal denervation showed significant improvement in 
their ejection fraction (25412 % rising to 31+14 %, 
p<0.001) and improvements in the end diastolic dimen- 
sions (LVEDD 68+5 mm increased to 60+7 mm, 
p<0.001). There was no evidence of remodelling in the 
group undergoing standard therapy. The full data are await- 
ing publication. 

The overriding conclusions coming from REACH-pilot 
and OLOMOUC trials was that renal denervation could be 
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performed safely in patients with systolic heart failure and 
that theoretical concerns regarding hypotension post proce- 
dure were not borne out in practice. Renal function also 
remained stable in both populations, despite renal impair- 
ment at baseline. 

While no trials of renal denervation recruiting exclusively 
heart failure with preserved ejection fraction have yet 
reported, Brand et al. studied patients with hypertension and 
left ventricular hypertrophy, demonstrating regression of 
LVH at 6 months following the procedure [60]. Enrolled 
patients were hypertensive with an office blood pressure of 
>160 mmHg (2150 mmHg for type 2 diabetics) or more, 
despite treatment with at least three antihypertensive drugs 
including a diuretic. There was a significant reduction in left 
ventricular mass from 53.9+15.6 g/m? at baseline to 
44.7+14.9 g/m? at 6 months (p<0.001). There was also an 
improvement in diastolic function with reduction in the 
mitral E wave deceleration time and improvement in the iso- 
volaemic relaxation time. Tissue Doppler imaging parame- 
ters also improved, with a statistically significant reduction 
in lateral E/E’ seen at | month and with further improvement 
at 6 months. 

In this study, the percentage of patients with normal LV 
filling pressures, (an E/E’ ratio <8) increased from 39 % at 
baseline to 68 % at 6 months post renal denervation and the 
percentage of patients with an E/E’ ratio >12, indicating 
elevated filling pressures, declined from 29 % at baseline to 
4 % after 6 months. The left atrial size also significantly 
reduced in the renal denervation group compared to an 
increase in the control group. 
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Ongoing Trials of Renal Denervation 
in Heart Failure 


Further trials are in progress. The Symplicity-HF trial will 
recruit 40 patients with NYHA class II to III systolic heart 
failure with an ejection fraction less than 40 %, a glomerular 
filtration rate of 30-75 ml/min/1.73 m° and on optimal stable 
medical therapy [61]. The study is an open label Phase 4 
clinical trial of the Symplicity catheter, due to report on the 
primary endpoint in 2017. The primary end point is safety 
data as measured by adverse events at 6 month follow up. 
Secondary measures of change in ventricular function and 
renal function at 6 months will also be assessed. 

The Renal Artery Denervation in Chronic Heart Failure 
Study (REACH) trial, a double blinded prospective trial of 
renal denervation (RDN) in chronic systolic heart failure 
with a sham arm (3:2, treatment : sham), will assess the effect 
of RDN on symptomatology and exercise capacity [62] in a 
population of 100 patients with symptomatic systolic heart 
failure, NYHA class II or higher, with an ejection fraction 
less than 40 % and on maximal medical therapy. Denervation 
will also be performed using the Symplicity catheter. The pri- 
mary endpoint is change in symptomatology at 6 months as 
assessed using the Kansas City Questionnaire. Secondary 
endpoints will be change in peak VO2 on cardiopulmonary 
exercise testing, improvement in 6 min walk test, change in 
chemoreflex sensitivity and change in NYHA functional 
classification at 12 months. The trial will report in early 2015. 

Trials are also underway in diastolic heart failure. The 
Denervation of the renal sympathetic nerveS in hearT Failure 
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Table 20.1 Trials of renal denervation in heart failure 


Population End point 
Trials reported 
REACH-Pilot Systolic heart failure Safety 
OLOMOUC Systolic heart failure Rehospitalisation 


NYHA II/IV LV dimensions 
Trials in progress 
REACH Systolic heart failure 
NYHA class II or greater 
Ejection fraction <40 % 


Maximal medical therapy 


Symplicity-HF Systolic heart failure Safety 
Ejection fraction <40 % 
GFR 30-75 ml/min/1.73 m? 

DIASTOLE HF-PEF Change in E/E’ 


Hypertension on 2 agents 
Ejection fraction >50 % 


With nOrmalLv Ejection Fraction (DIASTOLE) underway 
in Utrechtis will recruit patients with heart failure and pre- 
served ejection fraction and co-existent hypertension into an 
open label single group assignment safety and efficacy study. 
Study patients will have signs or symptoms of heart failure 
with normal or mildly abnormal systolic function, defined as 
an ejection fraction of 50 % or greater and evidence of left 
ventricular diastolic dysfunction, hypertension (defined as 
BP of 140/90 or greater and treated with two or more antihy- 
pertensive agents and be clinically stable prior to recruit- 
ment. The primary outcome measure is change in E/E’ at 
12 months with a secondary safety outcome. The trial will 
report in December 2014. 

The Renal Denervation in Heart Failure With Preserved 
Ejection Fraction (RDT-PEF) is a randomised open label 
trial comparing renal denervation to medical therapy in 
heart failure with preserved ejection fraction. The primary 
endpoint is a composite of symptoms, change in exercise 
capacity measured by cardiopulmonary exercise testing, 
change in B-type natriuretic peptide and measures of left 
ventricular remodelling, with change in left ventricular 
mass index and left atrial volume measured by cardiovascu- 
lar magnetic resonance and diastolic function by echocar- 
diography [63]. 

Finally, long term safety of renal denervation is still 
unknown and a large comprehensive safety study is under- 
way at University Hospital, Saarland [64]. This will assess 
the long term safety and effectiveness of renal denervation 
in patients with hypertension and other conditions charac- 
terised by elevated sympathetic drive, including chronic 
heart failure, with a target recruitment of 1,000 patients. 
Different catheter systems will be evaluated, using the 
Symplicity flex Medronic catheter, EnligHTN St Jude 
Medical, Paradise Recor and V2 Vessix systems. Secondary 


Change in symptoms 
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Design n Results 

Open label 7 No adverse events 
Improvement in 6MWT 

Renal denervation 51 Improvement in EF and LV 

vs medical therapy dimensions 

Double blinded 100 Due to report 2015 

Open label 40 Due to report 2017 

Open label 60 Due to report 2015 


outcomes assessed will include myocardial function and 
volumes, heart rate, arrhythmia incidence, effect on glucose 
metabolism, blood pressure and hospitalisation rates 
(Table 20.1). 


Potential Difficulties of Renal Denervation 
in Heart Failure 


While pilot data seems encouraging, there are several con- 
siderations within the heart failure population that may limit 
efficacy of treatment with renal denervation. 

Firstly, the most common cause of systolic heart failure 
is ischaemic heart disease. Although targeting sympa- 
thetic over-activity in this population may lead to improve- 
ments in fluid retention and peripheral vasoconstriction, 
the damage to the myocardium itself is currently irrevers- 
ible. Treatment with renal denervation may not have a sig- 
nificant additive role in patients already on good doses of 
ACE inhibitors, beta blockers and spironolactone and if 
the trend to reduction in blood pressure seen in the 
REACH trial is borne out in larger trial data, this may 
limit uptitration of these proven prognostically beneficial 
medications. 

Secondly, treatment of patients with heart failure with 
centrally acting agents to reduce sympathetic activity 
showed similar promising early data to that of renal denerva- 
tion, with improvement in symptomatology and haemody- 
namic parameters. However, when assessed in a large, 
prospective double blinded randomised controlled trial, 
monoxidine was actually associated with an excess of mor- 
tality and hospitalisation compared to the control group, 
resulting in early trial termination [38]. While renal dener- 
vation is more selective, targeting only sympathetic outflow 
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from the kidneys and not global sympathetic tone, improve- 
ments in symptoms in small studies may not be mirrored in 
prognostic data. 

In patients with severe heart failure, the excess sympa- 
thetic tone, initially a maladaptive response, may now be 
required to maintain blood pressure and cardiac output: in 
patients with advanced heart failure, decrease in this sympa- 
thetic tone may result in decompensation. As with studies in 
hypertension, once safety data is established, larger trials are 
required to assess the impact of renal denervation on symp- 
tomatology and prognostic markers before treatment may be 
considered in routine clinical management. 

Finally, impaired renal function is common in patients 
with heart failure, particularly in patients who are hospital- 
ised or have more severe disease. The ongoing trials have all 
excluded patients with severe renal impairment, with an 
eGFR of <30 ml/min/1.73 m? excluded in SYMPLICIT Y-HF 
and DIASTOLE, an eGFR of <35 ml/min/1.73 m? in REACH 
and an eGFR of 45 ml/min/1.73 m°? in RDT-PEF. If renal 
denervation does prove beneficial in these studies, further tri- 
als will be required to establish safety in patients with car- 
diac and renal impairment, as otherwise many heart failure 
patients will be ineligible for therapy. 


Potential Prognostic Markers for Assessment 
of Response to Renal Denervation 


Non-invasive markers of sympathetic over activity have 
been shown to predict responders to RDN in a cohort of 50 
hypertensive patients who underwent renal denervation 
[65]. Continuous arterial blood pressure and high resolu- 
tion electrocardiography recordings were performed prior 
to and after renal denervation. Assessment of the degree 
of fluctuation in arterial blood pressure and heart rate 
allows assessment of baroreflex sensitivity, relating the 
magnitude of changes in heart rate to changes in blood 
pressure. Impaired cardiac baroreflexes are linked to sym- 
pathetic overactivity both in hypertension [66] and heart 
failure [67]. 

Patients with reduced cardiac baroreflex sensitivity were 
more likely to respond to renal denervation, defined as a 
reduction of mean systolic blood pressure on ambulatory 
monitoring of 10 mmHg or more at 6 months after denerva- 
tion. A further study in 35 patients demonstrated a signifi- 
cant reduction in muscle sympathetic nerve activity following 
renal denervation [68]. Assessment of these variables prior 
to the procedure may allow more favourable selection of 
patients with a high central sympathetic tone. 

Other potential non-invasive variables that may predict 
patients with the most to gain from denervation includes 
assessment of the chemoreceptor sensitivity, which have 
been shown to identify heart failure patients with high 
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sympathetic tone and which have been shown to predict 
outcome in chronic systolic heart failure [50]. The current 
trials in progress will also assess renal norepinephrine spill- 
over (Symplicity-HF), chemoreceptor reflexes (REACH) 
and more conventional markers of prognosis in heart failure, 
including the 6 min walk test, cardiopulmonary exercise 
testing [69, 70] and parameters of left ventricular 
remodelling. 


Conclusions 

Chronic heart failure remains a condition with a high 
mortality and symptom burden. These patients have mal- 
adaptive signalling pathways with excess sympathetic 
tone predictive of adverse outcome. Pharmacological 
treatment targeting the sympathetic nervous system and 
the renin-angiotensin-aldosterone pathway have been 
shown to have prognostic benefit in systolic heart failure. 
Heart failure with preserved ejection fraction has also 
been shown to have a high sympathetic tone, although 
these medications have limited proven benefit in this 
population. 

Renal sympathetic denervation offers the potential to 
intervene much earlier in the pathway, reducing efferent 
and afferent renal sympathetic signalling. Pilot data has 
shown that renal denervation appears safe in heart failure 
with no evidence of symptomatic hypotension post proce- 
dure and with early data suggesting improvement in 
symptoms, ejection fraction and left ventricular dimen- 
sions. A number of randomised controlled trials are 
underway in both systolic heart failure and heart failure 
with preserved ejection fraction and these are due to 
report in 2014 and 2015. However, if symptomatic benefit 
is established, larger trials to establish a mortality benefit 
will be required before this treatment is offered as part of 
clinical practice. 
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and Darrel P. Francis 


“Office Pressures Are More Clinically 
Relevant than Ambulatory” 


False. 

At the simplest level, far more strokes occur outside the 
doctor’s office than inside it, which makes it embarrassing to 
claim that the size of the office reduction is more important 
than the size of the 24-h reduction. At a more sophisticated 
level, what matters to patients is the incremental effect on 
blood pressure of denervation (in comparison with not under- 
going the procedure). 

Designing a study to be unblinded and rely on office 
blood pressure measurements acquired and manually docu- 
mented by clinicians has been shown in drug trials to pro- 
duce exaggerated estimates of effect size [1]. 

‘Anachronistic’ is a word many may think unlikely to 
occur in an article about a technology that may be the biggest 
step forward in hypertension in several decades. But, with 
honest respect for our many friends involved, there seems no 
more succinct way to describe the design of renal denerva- 
tion trials to date (December 2013). Despite originating in an 
era of where double-blinded randomised controls or auto- 
matic ambulatory measurements are recognised as essential 
for antihypertensive drug research to be considered credible, 
the designs of renal denervation trials so far have focused on 
uncontrolled or unblinded structures with office blood pres- 
sure as the primary endpoint. 

Most readers will be able to respect the traditions of the 
Amish, even though they do not share their desire to eschew 
the fruits of science. In the same way, we in turn hope that 
future science historians accept non-judgementally that our 
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community currently prefers effect sizes measured and doc- 
umented manually rather than automatically, even if in years 
to come the reason for this preference may be a mystery. 


“Office BP Is What Guidelines Use 
as Treatment Targets” 


True but irrelevant. 

The effect of blood pressure on risk is continuous with no 
clear and sharp demarcation between risky and risk-free. 
Targets are provided not to indicate the disappearance of 
blood-pressure-related risk but as an organisational conve- 
nience to help staff rapidly decide on starting (or uptitrating) 
therapy rather than having to consider global risk and patient 
disutility on each visit of each patient. 

Readers of scientific papers play close attention to the 
methods so that they may judge the scientific rigor that has 
been applied to the task. Unfortunately, guidelines do not 
report the methods used in coming to a decision. Indeed, 
enquiry reveals that this is not a coincidence, but rather a 
conspiracy of silence. Guideline members seem to be forbid- 
den to discuss the decision making process. The confidenti- 
ality agreement for AHA/ACC guideline writers appear not 
only to silence authors whilst the guideline is being devel- 
oped, but to compel them to take the secrets to their graves: 

[IJndication of areas of writing committee agreement or 

disagreement on any topic is prohibited. [2] 


Breach of confidentiality may result in removal from the 
guideline writing committee and possibly other consequences. [2] 


Guidelinists know that automatically-stored and averaged 
ambulatory pressures are a better risk marker than clinician- 
documented office pressures [3, 4], but in most regions of the 
world they nevertheless set guidelines on office pres- 
sures rather than ambulatory. This is likely not because of 
some as-yet-undiscovered scientific superiority of office 
pressures, but rather a reflection of pragmatism. Population 
risk from hypertension is reduced broadly in proportion to 
the amount of antihypertensive medication taken by the 
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population. Very large meta-analyses show the curve of risk 
against pressure is smooth (i.e. there is no distinct plateau 
where blood-pressure risk disappears) [5]. Therefore if a 
population that is generally hypertensive receives more ther- 
apy it does not matter greatly exactly which individual 
patients are the recipients; the population risk reduction is 
similar. The effect achievable by targeting automatic (ambu- 
latory) blood pressures is therefore similar to that achieved 
by targeting clinician-documented (office) blood pressure, 
assuming the blood pressure target is set appropriately lower 
for ambulatory pressures, since they are on average lower. 
The exact individuals who receive therapy will differ between 
the two strategies (and indeed between two instances of the 
same strategy) but the net benefit on events will be similar. 
However, the practical wisdom of guidelines presenting 
cost-effective strategies suitable for application across mil- 
lions of patients should not deflect us from using bias- 
resistant measurements for our research into effect size. 


“We Should Be Identifying the Responders 
in Advance, So We Can Make a Special Effort 
to Target Them” 


True but impractical 

Most clinicians do not realise that the noisiness of office 
measurements makes it almost impossible to reliably quan- 
tify the effect size of any newly-added drug on a single 
patient basis by simply measuring in the office on one visit 
before initiation and one visit after initiation. The result of 
this unawareness is the continuing efforts to identify predic- 
tors of large office blood pressure response. 

The test-retest variability of blood pressure can easily be 
more than the variability in the effect size between individu- 
als. Clinicians wishing to quantify effect size within individu- 
als would need to make patients attend for multiple visits, 
perhaps dozens [6], both before and after intervention, so that 
the inherent noise can be quenched away by averaging. 

If noisy values are used, then it is inevitable that patients 
with higher values at baseline will tend to fall more: this pro- 
cess is known as regression to the mean. 

Imagine a tray of dice representing a group of patients 
with similar blood pressures, but subject to variability. A “6” 
represents a patient having a “big day” in his blood pressure, 
while a “1” represents a day of lower pressure. If we select 
only the “6”s, and shake the tray again, the dice which previ- 
ously showed “6”s will tend to drop in value, averaging 3.5. 
This fall is not because they have undergone treatment for 
hypertension, but merely the effect of having been selected 
as outlier values of a noisy variable. 

Meanwhile, any dice which previously showed “1’’s will 
tend to show higher values, again averaging 3.5. We do not 
see these initial “1”s in renal denervation trials because the 
trials only take patients with high values. 
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Studies would show that the higher the baseline values of 
dice, the greater the fall. This does not necessarily mean any 
therapy given to the patients in between was especially effec- 
tive in patients with high baseline values. It may mean merely 
that the patients with the highest baseline values were those 
for whom the baseline values were most severely overesti- 
mating their true long-term mean values. 


“Some Patients Respond, But Just Happen 
to Manifest in a Manner Other than Blood 
Pressure Reduction” 


Not relevant to its role in blood pressure control 

On this basis no therapy for any condition can ever be 
declared ineffective; since it may merely be effective for 
some other condition. 

If renal denervation is being used to treat high blood pres- 
sure, the measurement of interest to referrers, payers and 
patients is a bias-resistant estimate of the average effect size 
on blood pressure. Of course renal denervation may have 
many effects beyond blood pressure lowering. For example, 
it has been reported to reduce arrhythmias and regress left 
ventricular hypertrophy. However, while these aims are wor- 
thy, we should not assume that if they occur they are medi- 
ated by blood pressure reduction, if the bias-resistant 
measures of blood pressure reduction do not show an effect 
of adequate size. 

Meanwhile, testing of efficacy against non blood pressure 
targets is just as much in need of measurement conditions 
that are resistant to bias, for example by blinding. 

Finally, we should be wary of attributing all instances of a 
variable changing in a favourable direction in a patient as 
evidence of benefit. Most variables are not identical when 
measured at two timepoints, and therefore half of patients 
show a change in a favourable direction. If there are three 
physiologically independent variables being measured, the 
probability in any individual patient that at least one of them 
changes in a favourable direction is 1 —(1/2)?=87.5 %. Thus 
if we count a favourable change in any one or more of three 
variables as evidence of response, any ineffective therapy 
would appear to deliver a favourable change in almost nine 
out of ten patients. 


“It Doesn't Matter Whether the Blood 
Pressure Drop Is Due to the Denervation or 
Placebo: It Is the Total Effect that Matters” 


False. 

While charlatans and quacks happily claim credit for the 
healing force of nature or for natural biological variability, as 
physicians educated in the scientific era we should sense a 
responsibility to attribute cause and effect as correctly as we 
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can. If there is a substantial effect that it is not caused by 
denervation then we should not claim it is. 

Patient trust in their cardiologists could be damaged if it 
were discovered that we had been exaggerating the effect 
size of a therapy by several fold for several years. 
Unpleasant though such loss of trust might be, it would be 
justified. The blame would lie with us as the cardiovascular 
community for repeatedly dismissing the consistent signs 
of a more modest benefit in the measurements most resis- 
tant to bias. 


“My Mercury Sphygmomanometer 
Doesn't Lie” 


True. 

It is not the sphygmomanometer that lies but the person 
operating it, although we emphasise that this is entirely out 
of good intentions. When faced with an unexpectedly unde- 
sirable value of a noisy variable, normal clinical practice is to 
discard that value and remeasure in the hope of obtaining a 
more “representative” value. 

We have asked the question below of over 1,000 lecture 
attendees in Europe, Japan and USA. We invite the reader to 
give their own answer, and compare with the responses of 
colleagues shown at the end of this chapter. 

Imagine an elderly gentleman walks into your clinic with a BP 

of 160/88. 

You commence 5 mg amlodipine and bring him back for 
review after 1 week. 
After a week his BP is 162/88. He swears he has been taking 


his tablets, and you believe him. 
QUESTION: What do you do? 


A) Document “reverse response” 
B) Document “intolerance” 

C) Review in 2 weeks 

D) Measure BP again 


This scenario is not uncommon, given the high variabil- 
ity of office blood pressures. A standard deviation of blood 
pressure between visits of 12 mmHg [6] means that on 
28 % of occasions it is 7 mmHg above its long-term aver- 
age. The standard deviation of difference between visits is 
y 2 times larger than that, which means that on 28 % of 
occasions, the increment between two successive visits be 
10 mmHg (14/2) or more. If a drug drops the true long- 
term blood pressure of a patient by 10 mmHg, this means 
that in 28 % cases of initiation, on returning to the clinic 
after starting the drug, the patient’s blood pressure will 
actually be equal or higher than the baseline measurement 
(Fig. 21.1). This does not mean the drug is ineffective in 
that patient, rather this is a necessary consequence of bio- 
logical variability. 

When given the above question, 86 % of audience respon- 
dents replied with D. This re-measurement could well have 
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Fig. 21.1 Top: The normal distribution of blood pressures from 
repeated blood pressure measurements in a hypothetical patient pre- 
senting to the clinic with a ‘true’ mean blood pressure of 150 mmHg, 
and a standard deviation of 12 mmHg. Bottom: A graph showing a nor- 
mal distribution of the changes in clinic-to-clinic blood pressures in the 
same patient. These changes do not reflect improvement in their hyper- 
tension; rather the nature of repeated measurements in a noisy variable. 
The measurements to the right of the red line represent the 28 % of 
repeat readings which may be wrongly interpreted as a rise in blood 
pressure of over 10 mmHg 


resulted in a lower blood pressure which would no doubt be 
documented. This appears perfectly reasonable; indeed, isn’t 
the second value just as valid as the first? 

However, what would these 86 % of attendees have done 
had the patient not been started on a drug a week earlier? 
Almost all audience members agreed that the 162/88 could 
simply be accepted and documented. 

What is concerning is the consequences of such behaviour 
in the context of unblinded and/or uncontrolled trials, where 
a physician’s expectations of a treatment can influence their 
measurement strategy. 


“Everyone Knows that Office BP Falls More 
than Ambulatory BP in Drug Trials” 


True, but a hilariously self-destructing statement 

Office blood does indeed fall more than ambulatory blood 
pressures in drug trials [7], but only when the office staff are 
unblinded to the study arm. When controlled and blinded, 
office and ambulatory pressure fall in direct parallel [1]. The 
amusing aspect of this myth is that it contains the seeds of its 
own destruction, by highlighting how powerful bias can be in 
unblinded blood pressure trials. 
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It is for this reason that since the turn of the century 
there has been pressure to abandon bias-susceptible office 
blood pressure measurement and rely instead on ambula- 
tory monitoring [8], or alternatively to carry out strict 
blinding. 

A good antidote to this myth is to restate it, but rename 
office blood pressure to “blood pressure documented by a 
person who knows which arm the patient is in”, and ambula- 
tory blood pressure to “blood pressure automatically docu- 
mented by a machine which does not know which arm the 
patient is in”. With such wording the myth is difficult to 
sustain. 


“Office Effects Are Larger than Ambulatory 
Effects Because the Sympathetics Contribute 
More to Blood Pressure in the Daytime than 
in the Night” 


Non-sequitur. 

While intellectually persuasive in isolation, the reasoning 
was shown to be fallacious by the elegant work of Felix 
Mahfoud’s group. Perhaps sympathetics do contribute more 
to blood pressure in the daytime than in the night, but careful 
automatic monitoring shows that unblinded renal denerva- 
tion gives similar reductions in daytime pressure (10.2 mmHg) 
and night-time pressure (11.1 mmHg) [9]. 

Proponents of the sympathetic explanation for the human- 
versus-automatic discrepancy, having lost the battle for the 
defence of the city of daytime, may well retreat to make a 
last stand in the inner citadel of the office. However, the his- 
tory of sieges tells us what happens next. 


“RD Is One of the Most Exciting 
Developments in Medicine in the 
Last 10 Years” 


True, but not only for its contribution to BP control. 

Future medical historians may look back on this time as 
unique. Never before have large proportions of specialists 
have been so comfortable writing, reading and discussing 
manually-documented values that overestimated a biological 
variable to such a large extent in the face of contradiction by 
automatically-documented data. 

A threefold overstatement, in other spheres of medicine, 
would be serum sodium levels consistently being reported 
as ~420 mmol/l, body temperatures as ~300°F, or heights 
as ~5 m. 

Threefold overestimation of effect sizes, e.g. 30 rather 
than ~10 mmHg appears to be unique. 
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“ABPM Is Unnatural and Weird Because 
There is a Mechanical Pump Inside, Which 
Makes a Whizzing Noise” 


True but irrelevant. 

Any medical assessment, and certainly any measurement 
of blood pressure, is unnatural. Awareness that it is happen- 
ing can affect physiology. 

Machines lack the natural tendency of physicians to por- 
tray an optimistic view of the effect of an intervention they 
have carried out. 

Moreover, machines generally do not have preference for 
particular digits such as 5 and 0. Humans do, and may be 
unable to resist rounding up pressures pre-intervention and 
rounding down pressures after intervention. 

It is very rare for automatic equipment to exhibit digit 
preference. In research where this occurs [10], the effect size 
has been found to be greatly enhanced to the level seen in 
manual office measurements. One explanation for this might 
be mislabelling of office measurements as ambulatory by 
accident borne of excitement [1]. 


“| Don’t Care What the Number Is, | Want 
to Treat Patients [11]” 


Up to you. 

There may be a group of physicians who do not care 
whether an effect is 30, 10, 1 or 0.1 mmHg. Should we not 
all strive to avoid being members of this group? 

If the effect size was 1 mmHg (or 0.1 mmHg) nobody 
would read this book, or even write it. 

In medicine almost everything affects everything else. We 
personally think the only question worth asking is: how much? 


“10 mmHg Is Not Enough, It Needs 
to Be More” 


False. 

Biological values have no obligation to be any different 
from what they actually are, in the same way that x does not 
need to be larger than its current value. 

Since politicians in the past have attempted to pass laws to 
change the ratio of the circumference of a circle to its diam- 
eter [12], we should not be surprised that they have medical 
counterparts attempting to change biological realities. We 
should ignore both categories of modern-day Canute. 

A genuine 10 mmHg drop in BP equates to a 41 % reduc- 
tion in stroke and a 22 % reduction in coronary heart disease 
events [13] which would be very useful to have. 
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“The Only Way to Quantify the Benefit 

of Renal Denervation on Stroke and Heart 
Attack Rates Is by Doing Trials with Those 
as Endpoints” 


False. 

It is well established in antihypertensive drug trials ther- 
apy that successfully and safely lowering blood pressure 
delivers predictable in cardiovascular events. So strong is the 
data for this that antihypertensive drugs are accepted on the 
basis of demonstration of safe reduction in blood pressure in 
randomised blinded trials. There is no requirement to con- 
duct an endpoint trial. 

The weakness of denervation at time of writing (December 
2013) is that there are no randomised blinded data. There are 
only unblinded studies which show dramatically different 
effect size estimates depending on whether blood pressures 
are documented by unblinded staff or by automatically docu- 
mented by machines. This means that the choice of values to 
use to calculate the expected event reduction is in very sub- 
stantial dispute even within any single trial. 

Denervation requires reliable values for a reasonable 
expectation of the average blood pressure reduction. Because 
some clinicians have distrust for automatic monitors used in 
ambulatory blood pressures, and office pressures are open to 
bias in unblinded trials, what is need is blinded randomized 
controlled trial data. 

Unnecessary confusion about the relative merit of meth- 
ods of documenting blood pressure may have motivated 
investigators to conduct the hard endpoint trials which are 
now recruiting [14]. 
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“The Blood Pressure Effect of Denervation 
Expands with Time” 


Yes, but strangely only when documented by humans. 

Blood pressures documented by clinicians aware of the fact 
that the patient has undergone denervation have indeed been 
reported to be progressively lower at later time points (see 
Fig. 21.2, presented at ACC 2012 & TCTAP 2013). 

However, readers should note that long-term data is only 
available for a particularly small subset of patients, namely 
those pioneer patients judged to have such severe hyperten- 
sion to warrant the earliest procedures performed. 

This effect is only impressive when different patient cohorts 
are demonstrated in different bars, as above. In contrast, when 
a consistent cohort is followed up over time, it is difficult to 
argue persuasively that there is increasing effect with time [15]. 

Perhaps astonishingly, when machines are used to docu- 
ment blood pressure, the pattern is a stable BP effect between 
1, 3 and 6 months [16], as shown in Fig. 21.3. 


“Novel Therapies Often Start with Large 
Effects that Get Smaller in Later Studies” 


Tragically true. 

It is sad that this phenomenon is true and even sadder that 
enthusiasts might highlight this. 

The pattern of a slew of early reports of large effects, fol- 
lowed later by a recognition that the effect size is very much 
smaller than previously indicated, should invite not fatalism 
but curiosity. 


SYMPLICITY HTN 1 


Change in office systolic blood pressure through 3 years 


0 
-10 
-20 
Fig.21.2 “Expanding benefit?” -30 
SYMPLICITY HTN1: change in 
office systolic blood pressure 
through 3 years (Created using -40 


data presented by Sobotka et al., 
presented at ACC 2012 & TCTAP 
2013) 


3 months 
n=148 


1 month 
n=143 


12 months 18 months 24 months 30 months 36 months 
n=130 n=107 n=59 n=24 n=24 


6 months 
n=144 


180 


EnligHTN 1 
Change in ambulatory systolic blood pressure through 6 months 


0 


6 months 
n=44 


3 months 
n=46 


1 month 
n=46 


Fig. 21.3 “Or not?” EnligHTN1: change in ambulatory systolic blood 
pressure through 6 months (Created using data published by Worthley 


et al. [16] 


Why should early reports consistently overstate effect sizes? 
One explanation is that patients enrolled earliest in trials are 
those with the most severe disease and are unrepresentative of 
the patients more regularly encountered in medical practice. 

Another explanation is that early reports are typically 
more susceptible to bias because the authors are broaching a 
new frontier and achieving a paradigm shift. 

A third explanation is that most effects of most interven- 
tions are modest at best, and it is only reports that inadvertently 
overestimate the effect sizes which tend to be successful in the 
race to publication. This has been addressed by Ioannidis [17]. 

A final explanation is that the biological effect size really is 
somehow fading with the passing years. The bias-resistant auto- 
matically documented (ambulatory) measurements in renal 
denervation trials do not support this. In antibiotic chemother- 
apy, there is a process of evolution in the genomes of the 
microbes being combated, providing a plausible mechanism for 
the same intervention to have less effect in future years. However 
for renal denervation, and the other cardiac interventions for 
which this decline has been observed, there is neither a plausible 
biological basis nor any happiness in elucidating its cause. 
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Markus P. Schlaich and Yusuke Sata 


Introduction: Overview of Catheter-Based 
Renal Denervation and Its Potential Benefits 


The introduction of catheter-based radiofrequency renal sym- 
pathetic denervation to clinical medicine has been considered 
to be a promising new avenue to the future device-based ther- 
apy of hypertension. Renal sympathetic efferent and afferent 
nerves located in the adventitia of the renal artery are the tar- 
get of this procedure. On the basis of their crucial role in 
development and maintenance of systemic hypertension, 
renal sympathetic nerves have long been considered to be an 
attractive target for neuromodulation therapy [1]. 

The rationale for sympathetic modulation therapy has 
been assessed in various conditions associated with hyper- 
tension. Classic surgical sectioning of sympathetic nerves by 
thoracic and lumbar sympathectomy and splanchnicectomy 
have been successful in reducing blood pressure and 
improved the long-term outcome of patients with hyperten- 
sion [2, 3]. Studies in animals have also demonstrated 
reduced sympathetic nervous activity [4], improvement in 
natriuresis [5], as well as improvement in left ventricular 
function [6] after renal sympathetic denervation. 

In light of the promising results of renal denervation in 
human and animal studies, the Symplicity HTN trial pro- 
gram was initiated to assess the potential utility of this 
approach. The initial proof-of-concept study, Symplicity 
HTN-1 in 2009 [7], demonstrated the efficacy and safety of 
renal denervation in 45 patients with resistant hypertension. 
The study eligibility criteria were defined as uncontrolled 
office systolic blood pressure (>160 mmHg) despite being 
treated with at least three antihypertensive drugs (including 
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one diuretic) at optimal doses. This study proved not only the 
safety and efficacy of RDN but a substantial reduction in the 
office blood pressure. Among the participants, only a few 
minor procedure-related complications were reported; one 
renal artery dissection on placement of catheter before radio- 
frequency energy delivery and three femoral artery pseudoa- 
neurysms at the access site [8]. Over the 12 months, the 
reduction in office systolic and diastolic blood pressure was 
—14/-10, —21/-10, —22/-11, —24/-11, and —27/-17 mmHg 
at 1, 3, 6, 9, and 12 months, respectively, from an average of 
177/101 mmHg at baseline [7]. The sustained long-term 
effect of renal denervation on blood pressure reduction 
(—32/-14 mmHg) was recently reported in 36-month follow- 
up results [9] (Fig. 22.1). The release of norepinephrine from 
the renal sympathetic nerves was measured in ten patients 
with the isotope dilution renal norepinephrine spillover 
method [7]. In 15-30 days after the procedure, the renal nor- 
epinephrine spillover was decreased by 47 %, suggesting a 
substantial albeit incomplete reduction of renal efferent sym- 
pathetic nerve traffic [7]. 

Symplicity HTN-2 was designed as a randomized control 
study and results were reported in 2010 and 2012 [10, 11]. 
Enrolled resistant hypertensive patients with a baseline office 
systolic blood pressure >160 mmHg (>150 mmHg for 
patients with type 2 diabetes) were randomized to either 
undergo RDN (n=52) or to continue their established con- 
ventional pharmacological treatment (n=54). In line with 
the results of Symplicity HTN-1, renal denervation reduced 
office blood pressure —32+23/12+11 mmHg at 6 months 
[10], with sustained effect reported at 12-month follow-up 
(—28+25/10+11 mmHg) [11]. In contrast, no significant 
change was observed in the control group (1+21/0+10 in 
office blood pressure and 2+ 13/7+11 mmHg in home blood 
pressure) [10]. Mean estimated glomerular filtration ratio 
(eGFR) was unchanged in both groups at 6 months 
(0.2+ 11 ml/min/1.73 m [2] in the RDN group and 0.9 + 12 ml/ 
min/1.73 m [2] in the control group) [10] (Fig. 22.2). 

These trials had their origins in the three observations: (1) 
the renal sympathetic outflow is activated in patients with 
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Fig.22.1 Effects of RDN on BP a 
(a) and changes in eGFR (b) over 

time in Symplicity HTN-1 with 
follow-up to 2 years (Reproduced 

from Symplicity HTN-1 

Investigators [8], with permission) 
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resistant hypertension; (2) overactivated renal sympathetic Symplicity HTN-3 

nerve results in higher blood pressure through the mecha- 

nisms of sodium and water retention, reducing renal blood The latest and the largest clinical trial of catheter-based 
flow, and activation of renin-angiotensin system; and (3) renal denervation, Symplicity HTN-3, has been reported 
suppression of renal sympathetic nerve activity reduces very recently [12]. This study was a rigorously designed 
blood pressure with sustained effects. randomized, blinded, sham-controlled trial. Patients in 
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Fig. 22.2 BP reduction in Symplicity HTN-2 in the treatment and control group up at 3 and 6 months of follow-up (Reprinted from Esler et al. 


[10], Copyright (2010), with permission) 


control group underwent renal angiogram, masked to mimic 
renal denervation. Patients’ enrollment criteria were essen- 
tially the same as previous Symplicity trials. Patients had to 
be treated with at least three antihypertensive medications at 
maximally tolerated dose, and one of which should be a 
diuretic. The regimen had to be unchanged for 2 weeks 
before the enrollment. Subsequently, patients needed to ful- 
fill the blood pressure criterion which was systolic blood 
pressure >160 mmHg on a day of office visit. Automated 
24-h ambulatory blood pressure monitoring was performed 
to confirm an average 24-h systolic blood pressure 
>135 mmHg to rule out white-coat hypertension. The renal 
denervation was performed by means of Medtronic 
Symplicity renal denervation catheter. The safety and effi- 
cacy endpoints were examined at 6-month follow-up. 
During the 6-month follow-up period, the regimen of anti- 
hypertensive medication was not allowed to change unless 
there was clinical necessity. 


Among 535 uncontrolled hypertensive patients, 364 
patients were blindly allocated to treatment group and under- 
went renal denervation across the USA. At 6 months after 
the procedure, despite a significant drop in office systolic 
blood pressure from the baseline in the treatment group, this 
was not statistically significant when compared to that of the 
sham procedure group (—14.1 +23.9 vs. -11.7+25.9 mmHg, 
p=0.26). 

In contrast to Symplicity HTN-1 and HTN-2, the reduc- 
tion of office blood pressure in the treatment group was 
less pronounced (—14.1+23.9/-6.6+11.9 in HTN-3 vs. 
—22/—-11 mmHg in HTN-1 [7], and -32 +23/-12+11 mmHg 
in HTN-2) [10]. Furthermore, there was a large effect in the 
sham control group; the drop in office systolic blood pres- 
sure was prominent compared to that of HTN-2 (—11.7 +25.3 
vs. 1+21 mmHg in HTN-2) [10]. Although the pretreatment 
blood pressure was similar, greater range of standard devia- 
tion in the treatment group of HTN-3 indicates wider varia- 
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tion in response. Interestingly, African-Americans had a less 
pronounced blood pressure effect in response to renal dener- 
vation, raising the question whether racial background may 
influence the response to the procedure. Of note, African- 
Americans have less effective blood pressure reduction with 
angiotensin-converting enzyme (ACE) inhibitors and beta- 
blockers [13]. 

Concerns have also been raised in regard to the operator 
experience in this US trial. The procedure of renal denerva- 
tion in Symplicity HTN-3 was performed by 111 operators 
throughout the USA. Among them, 31 % (about 34 opera- 
tors) had done only | procedure, and 85 operators had done 
<5 procedures. In addition, among 364 patients in the treat- 
ment arm, about half (181 patients) were treated by operators 
who had previously done <5 (mostly 1—2) procedures [12]. 
Although no significant difference was observed in outcomes 
between operators who performed <5 procedures and others, 
this may not eliminate the possible influence of the opera- 
tors’ learning curve on relatively marginal reduction of blood 
pressure in the treatment group. From this point of view, 
ineffective renal denervation might be partly attributable to 
the neutral outcome of this study. However, the absence of 
tests to assess the quality of renal denervation makes it 
impossible to investigate this matter, unlike experimental 
renal denervation in animal studies. 

The results raised some important issues that need to 
be resolved in future renal denervation studies. The proce- 
dure of catheter-based renal denervation is essentially dif- 
ferent from traditional experimental denervation in 
animals, in which total renal denervation is accomplished 
by visually stripping and by painting phenol or xylocaine 
around the renal artery [5, 14, 15]. In contrast to animal 
experiments, a reliable test to confirm that renal denerva- 
tion is successfully achieved is limited to the renal norepi- 
nephrine spillover and muscle sympathetic nerve activity 
(MSNA) in clinical studies [7, 16, 17], and the question 
remains what is accomplished by the catheter-based renal 
denervation. 

While the evidence of the utility of renal denervation 
from experimental animal studies is very strong, it has to be 
considered together with outcomes of clinical research stud- 
ies to inform future and better designed trials. In this regard, 
partial ineffectiveness of current clinical approaches to 
achieve successful renal denervation is a real possibility. 

Irrespective of the results of Symplicity HTN 1-3, the 
therapeutic concept of renal denervation is likely to be most 
efficacious in conditions characterized by increased sympa- 
thetic drive, such as CKD, heart failure, and other cardiac- 
relating disorders. Below, we will discuss the potential roles 
of renal denervation in CKD from both a clinical and a basic 
science point of view. 


M.P. Schlaich and Y. Sata 


Renal Denervation and Chronic 
Kidney Disease 


CKD is one of the most important comorbidities of hyperten- 
sion as CKD substantially contributes to the systemic fluid 
burden as well as sympathetic overactivity [18-21]. The 
mechanisms of renal sympathetic overactivity to elevate 
blood pressure include (i) urinary sodium retention and vol- 
ume expansion, (ii) reduction in renal blood flow due to 
vasoconstriction, and (iii) activation of the renin-angiotensin 
system [1]. CKD therefore appears as a logical indication for 
renal denervation approaches [22]. Hering et al. reported the 
effects of catheter-based renal denervation on resistant 
hypertensive patients with moderate to severe CKD [23]. A 
significant drop in the office blood pressure (—34/-14, 
—25/-11, -32/-15, and —33/-19 mmHg at 1, 3, 6, and 
12 months after RDN, respectively) was observed without 
deterioration in renal function and renal blood flow. These 
findings confirmed the safety and efficacy of catheter-based 
renal denervation in resistant hypertensive patients with 
CKD. Kiuchi et al. reported the beneficial effects of catheter- 
based renal denervation in 24 patients with CKD and refrac- 
tory hypertension [24]. Using an irrigated cardiac ablation 
catheter, a significant improvement in eGFR (64.4+ 23.9 to 
85.4+34.9 ml/min/1.73 m [2], at baseline and at 6 months 
after denervation, respectively), has been observed in addi- 
tion to the reduction in the office blood pressure 
(186+ 19/108 + 13 to 135+ 13/88+7 mmHg, at baseline and 
at 6 months after denervation). Improvement in albuminuria 
was also reported after catheter-based renal denervation in 
resistant hypertensive patients [25]. 

In animal experiments, Campese et al. reported that renal 
afferent denervation (dorsal rhizotomy) improved the NE 
turnover rate in posterior and lateral hypothalamic nuclei of 
chronic renal failure rats [26] and prevented the progression 
of renal failure [27]. These results indicate that renal afferent 
nerves play an important role in the development of hyper- 
tension and the progression of renal disease in renal failure 
model. Therefore, it appears that successful catheter-based 
renal denervation has a potential not only to improve hyper- 
tension but also slow progression of CKD. 


CKD and Hypertension as Major 
Cardiovascular Risk Factors 


Since the introduction of the concept of cardiorenal syn- 
drome, CKD has been recognized as a risk factor of CVD, 
rather than just a precursor of end-stage renal disease 
(ESRD). Go et al. reported the graded association observed 
between a reduced estimated GFR and the risk of death, 
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cardiovascular events, and hospitalization in a large, 
community-based population [28]. 

As a clinical manifestation of CKD, proteinuria and albu- 
minuria are not only reliable markers of progression of CKD 
but also stimulate progression of CKD [29]. In the RENAAL 
and LIFE studies, the improvement of albuminuria was also 
associated with the reduction in the incidence of CVD [30, 
31]. Accordingly, improvement in proteinuria and albumin- 
uria are potentially important in the therapy of CKD, not 
only from the viewpoint of CVD prevention, but also regres- 
sion of CKD [32, 33]. 

Increased CVD risk in CKD is predominantly attributable 
to the development of atherosclerosis [34]. The frequent 
comorbidities of CKD listed in Table 22.1 (classic risks), 
such as hypertension, diabetes, and dyslipidemia, are also 
well known as risk factors for atherosclerosis. Because of 


Table 22.1 Classic and nonclassic risk factors for 


Classic risks Nonclassic risk 


Age Albuminuria 
Gender: male Hyperhomocysteinemia 
Hypertension 
Low HDL 


Diabetes mellitus 


Lipoprotein, apoprotein 
Low production of nitric oxide 
Electrolyte abnormality 
Lack of exercise Oxidative stress 
Menopausal Inflammation 
Familial history of CVD 


Left ventricular hypertrophy 


Somnipathy 
Hemostatic/fibrinolytic abnormality 


Ang II, oxLDL, AGEs, FFA ET-1 T 


Atherosclerosis 


Vascular disease 


Fig. 22.3 Schematic relationship 
between CKD and CVD 
mechanisms 


Hypertension, diabetes, 
dyslipidemia, CKD 


those comorbidities, CKD had not been identified as an inde- 
pendent risk factor of CVD. Recently, however, albuminuria 
and hyperhomocysteinemia have been characterized as 
CKD-specific risk factors (nonclassic risks) and showed that 
they are independently associated with the development of 
atherosclerosis [35-37]. 

Atherosclerosis also links CKD with hypertension. 
Through the development of atherosclerosis, CKD acceler- 
ates vascular remodeling which coincides with endothelial 
dysfunction. The vascular abnormalities increase systolic BP 
and pulse pressure, resulting in high cardiovascular mortality 
(Fig. 22.3). On the other hand, hypertension accelerates the 
progression of CKD. The risk of ESRD increases by 20-30 % 
with every 10 mmHg increase in systolic blood pressure 
[38]. In fact, a number of clinical studies suggest the strong 
relation between hypertension and CKD [18, 19]. 

As shown in Table 22.1, CKD and CVD have a lot of risk 
factors in common. Slowing progression of CKD therefore 
presents a means to reduce CVD morbidity and mortality. 
Indeed, the sub-analysis of HOPE study revealed that while 
angiotensin-converting enzyme (ACE) inhibitors reduced 
the events of CVD in patients with CKD to a similar extent 
to that in non-CKD patients [39, 40], the effect was more 
pronounced in more severe stages of CKD. 

Improvement of albuminuria is potentially important to pre- 
vent the progression of CKD, as well as CVD, in the early stage. 
A recent study by Ott et al. showed that catheter-based renal 
denervation reduced micro- and macroalbuminuria in patients 
with treatment-resistant hypertension [25], demonstrating the 
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crucial role of sympathetic hyperactivity in both hypertension 
and CKD. 


Sympathetic Nervous System and CKD 


Elevated sympathetic nervous activity is well known to play a 
key role in cardiovascular complications in humans [41]. 
Although sympathetic hyperactivity has been consistently 
demonstrated in ESRD, it is already present from the early 
stage of renal disease [20, 42]. Urinary albumin excretion was 
positively correlated with the elevated plasma norepinephrine 
level in a cross-sectional study of 495 subjects from the gen- 
eral population [43]. The elevated plasma norepinephrine 
level may be associated with future renal injury in normoten- 
sive subjects [20], and higher plasma norepinephrine is an 
established prognostic predictor in patients with chronic heart 
failure [44]. As a treatment of hypertension associated with 
CKD, both metoprolol and enalapril decreased microalbumin- 
uria in patients with type I diabetes mellitus [45]. Regarding 
the underlying mechanisms, Rao et al. proposed adrenergic 
mediation of early glomerular permeability from the study of 
adrenergic polymorphism and genetic predisposition [46]. 
These findings suggest that sympathetic nervous activation 
precedes early glomerular permeability alterations [21]. 
Modulation of overactivity of renal nerves might therefore 
prevent progression of CKD. The question remains, however, 
which nerve pathway (afferent or efferent or both) plays the 
key role in sympathetic hyperactivity in CKD. 


The Specific Role of Renal Sympathetic Nerves 
in Hypertension and CKD 


The renal sympathetic nerves consist of efferent sympathetic 
fibers and afferent sensory fibers [47]. The renal efferent 
nerves supply all renal relevant structures including the renal 
vasculature, the tubules, and the juxtaglomerular apparatus 
with direct physiological control from the central sympathetic 
nervous system [47]. Accordingly, sympathetic activation of 
renal efferent nerves results in (i) urinary sodium and water 
retention via enhanced tubular sodium reabsorption, (ii) 
reduction in renal blood flow and GFR through neurally 
mediated vasoconstriction, and (iii) release of renin by stimu- 
lation of B1-adrenoceptors on the juxtaglomerular apparatus 
with concomitant engagement of the renin-angiotensin-aldo- 
sterone system [48-50]. 

The renal afferent sensory nerves are predominantly 
located in the renal pelvic wall [1, 51]. In contrast to renal 
efferent nerves, afferent nerves project to the ipsilateral dor- 
sal root ganglia at T6—L2 level with the majority of the nerve 
cell bodies being at the T9-L1 level. Being processed in the 
paraventricular nuclei in the brain, stimuli of renal afferent 
nerves end up deteriorating baroreceptor sensitivity, vagal 
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function, and endothelial function [52, 53]. Increase in renal 
afferent activity is also known to decrease renal efferent 
activity through the powerful negative feedback control of 
renal sympathetic activity via the activation of renorenal 
reflexes [51, 54, 55]. In contrast, increase in renal efferent 
activity increases renal afferent activity [56]. In experiments 
of rats, Kopp et al. showed that renal afferent denervation 
(efferent nerve remains intact) increased mean arterial pres- 
sure in rats [57], suggesting tonically active renal afferent 
nerves contributing to the maintenance of low efferent renal 
nerve activity. On the other hand, Campese et al. reported 
renal afferent denervation prevents the progression of hyper- 
tension in rats with chronic renal failure [26], indicating neu- 
rally mediated mechanisms of hypertension through renal 
afferent impulses from the kidneys of uremic rats. 

In the context of neural control of renal function, as well 
as renal contribution to systemic sympathetic tone, neuro- 
modulation therapy is theoretically beneficial in the treat- 
ment of hypertension with CKD. The overall goal of renal 
denervation is to maintain low renal efferent sympathetic 
nervous activity to achieve sustained reduction in blood pres- 
sure. In addition, renal afferent denervation contributes to 
maintain low systemic sympathetic activity in renal failure 
model. As summarized in Fig. 22.4, interaction of the kidney 
and brain involves multiple factors. Indeed, the etiology of 
hypertension tends to be multifactorial especially when 
accompanied by CKD. However, sympathetic overactivity is 
the fundamental hallmark of the disease. Given the above- 
mentioned rationale of renal denervation, hypertensive 
patients with CKD would be expected to experience benefits 
from catheter-based renal denervation. 


Renal Denervation and Heart Failure 
and Electrophysiological Disorders 


Among the various conditions of sympathetic activation, 
heart failure plays a crucial role in cardiovascular outcomes 
and is very common in CKD [44, 58]. Remarkably, sympa- 
thetic hyperactivation is known to occur in the early stage of 
asymptomatic heart failure with both preserved and reduced 
ejection fraction [59]. Given the role of renal denervation in 
sympathetic hyperactive condition, renal denervation may 
possibly improve the outcomes of patients with heart failure. 
Surgical renal denervation was shown to improve the LV 
function of heart failure Wistar rats induced by myocardial 
infarction [6]. Surgical renal denervation also restored natri- 
uresis in response to atrial natriuretic peptide (ANP) in 
experimental ischemic heart failure dogs [60]. 

Several studies have suggested an improvement of left 
ventricular (LV) function after catheter-based renal 
denervation in resistant hypertensive patients. In line 
with the functional improvement of LV, renal denervation 
is reported to reduce LV hypertrophy [61] and LV mass 
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Fig. 22.4 Pathophysiological 
interactions between the brain and 
kidney increase total body 
sympathetic activity 
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index [62]. The recurrence of atrial fibrillation (AF) also 
seems to be reduced in hypertensive patients with chronic 
AF [63, 64]. 

The first-in-man clinical study of renal denervation in 
heart failure, the REACH-Pilot Study was designed to 
prove safety of catheter-based renal denervation for heart 
failure patients with reduced ejection fraction and a systolic 
blood pressure >120 mmHg [65]. No procedure-related 
complications were observed with the procedure. At 
6 months follow-up, systolic and diastolic blood pressure 
remain unchanged (—7.1 + 6.9 and —0.6 + 4.0 mmHg, respec- 
tively), and a 6-min walk was significantly improved by 
27.1+9.7 m. 

Ukena et al. reported that electrical storm was reduced 
after bilateral renal denervation in two patients with chronic 
heart failure [66]. Both patients suffered from treatment- 
resistant LV tachyarrhythmia and had required an implant- 
able cardioverter defibrillator (ICD) implantation. Their 
etiology of heart failure was nonischemic. After renal dener- 
vation, both patients had subsequent event-free periods up to 
5 months. Interestingly, blood pressure was not decreased 
with renal denervation in either patient. 

In line with the animal studies, natriuretic effects of renal 
denervation might have contributed to the improvement of 
functional as well as electrophysiological alterations of fail- 
ing myocardium in the above clinical studies of heart fail- 
ure. However, given the malicious roles of sympathetic 
overactivity in heart failure, a reduction of sympathetic ner- 
vous activity may also have contributed but this remains to 
be investigated further. 
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Conclusion 

There are preliminary albeit uncontrolled promising clini- 
cal data to suggest that renal denervation may exert ben- 
eficial effects in the context of CKD in regard to better BP 
control, preservation of renal function, and possible 
improvement of common comorbidities such as heart fail- 
ure. The experimental evidence to support such notions is 
convincing. 

In light of the results of Symplicity HTN-3 and the 
questions raised by this study, it will be crucial to perform 
properly designed randomized controlled studies apply- 
ing catheter-based renal denervation in an environment 
with sufficient experience to better understand the poten- 
tial clinical benefits of renal denervation in CKD. 
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Introduction 


Chronic activation of the sympathetic nervous system has 
been associated with the components of the metabolic syn- 
drome, such as hyperinsulinemia, type 2 diabetes, and obe- 
sity [1, 2]. The metabolic syndrome, which is extremely 
common worldwide and can be found in approximately 30 % 
of patients with essential hypertension, identifying patients 
at high cardiovascular risk [3, 4]. Approximately 70 % of 
incident hypertension is associated with overweight and obe- 
sity. Over 50 % of patients with essential hypertension are 
hyperinsulinemic, regardless of whether they are untreated 
or in a stable program of treatment [5]. Elevated fasting glu- 
cose levels, impaired glucose tolerance and diabetes have 
been associated with an increased risk of cardiovascular dis- 
ease [6-9], due to stimulation of inflammation, oxidative 
stress and thrombotic potential [10], as well as inhibition of 
vascular smooth muscle cell apoptosis [11]. Insulin resis- 
tance is involved in the pathogenesis of type 2 diabetes mel- 
litus with a progression from impaired fasting glycaemia to 
impaired glucose tolerance and finally to overt diabetes. The 
Spanish Ambulatory Pressure Monitory registry [12] 
included 70,000 patients and identified 8,300 (12 %) to be 
resistant to drug treatment, of these 35 % were diagnosed as 
diabetics, representing the most common comorbidity. 


Pathophysiology 
Heightened central sympathetic activity is an accepted con- 


tributor to insulin resistance [13], metabolic syndrome 
[14], associated with central obesity, and risk of developing 
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diabetes [1]. Data confirms a reciprocal relation wherein 
heightened central sympathetic activity contributes to insu- 
lin resistance, metabolic syndrome and risk of developing 
diagnosed diabetes, as well as the converse, where these 
clinical conditions themselves contribute to central sympa- 
thetic drive [3]. The combination of essential hypertension 
and diabetes mellitus type 2 has been associated with the 
greatest sympathetic hyperactivity as measured by resting 
muscle sympathetic nerve activity (MSNA) compared to 
each condition by itself (Fig. 23.1) [1]. 

There is also preclinical data pointing towards a potential 
beneficial effect of renal denervation in metabolic syndrome. 
Renal denervation has been investigated in a chronically 
instrumented, high-fat fed dog model, which is characterized 
by sodium retention and increased sympathetic nervous sys- 
tem activation. Whilst the high fat diet resulted in a 50 % 
increase in body mass in both control and denervated dogs, 
blood pressure increased significantly only in the control but 
not in the denervated dogs. Furthermore, sodium retention 
was reduced by 50 % in the denervated dogs. 

The predominant mechanism linking sympathetic drive to 
insulin resistance is likely related to sympathetically mediated 
redistribution of blood flow from insulin sensitive striated 
muscle, towards insulin insensitive fat tissue [3]. As such, in 
the human forearm, increased noradrenaline release results in 
a substantial reduction in forearm blood flow [15]. It has been 
proposed that pressure induced restriction of the microcircula- 
tion limits nutritional flow, and thereby impairs glucose uptake 
in the skeletal muscle [16]. There is clinical and experimental 
data indicating that there is (i) a direct relationship between 
sympathetic nerve activity to the skeletal muscle tissue and 
insulin resistance and (ii) that insulin resistance is inversely 
related to the number of open capillaries [17]. In turn, increased 
levels of insulin exhibit sympathoexcitatory effects [18, 19], 
contributing to activation of the sympathetic nervous system 
with its pathophysiological consequences. There is a bidirec- 
tional relationship between sympathetic overactivity inducing 
insulin resistance and hyperinsulinemia producing sympa- 
thetic activation, thus initiating a vicious cycle (Fig. 23.2). 
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Fig. 23.1 Sympathetic activity measured by MSNA in normotensive 
controls (NT), diabetes mellitus type 2 (DM2), hypertension (HTN) and 
metabolic syndrome (HTN + DM2) (Modified from Huggett et al. [1]) 
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Fig. 23.2 Vicious circle initiated by increased sympathetic activity 


The gold standard in diagnosing insulin resistance is the 
hyperinsulinemic-euglycemic clam method, but this approach 
is not suitable for routine clinical practice. Thus, less invasive 
methods for evaluation, like homeostasis model assessment 
(HOMA-IR = (Glucose x Insulin)/405)), were developed. 
HOMA-IR is an established parameter for evaluation of insu- 
lin resistance [20, 21], correlating to the results of hyperinsu- 
linemic-euglycemic clamp [22]. There is a direct relationship 
between the central sympathetic activity, measured by muscle 
sympathetic nerve activity, and the HOMA-IR [13]. 

In line, inhibition of the sympathetic nervous system 
by moxonidine has been shown to improve glucose metab- 
olism by decreasing glucagon secretion and increasing 
skeletal blood flow with less glycogenolysis and gluco- 
neogenesis [23], which confirms the pathophysiological 
relation between central nervous system and insulin resis- 
tance [24]. However, the use of centrally acting sympa- 
tholytics is limited by adverse effects, leading to high 
non-adherence rates [25]. 
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Effects of Renal Denervation 
on Glucose Metabolism 


Since renal denervation has a favorable safety profile and 
results in marked reduction of the sympathetic activity mea- 
sured by MSNA [26, 27], the benefits of the procedure may 
not be restricted to treat resistant hypertension. A recently 
published pilot study investigated the effect of renal denerva- 
tion on glucose metabolism and insulin resistance in patients 
with resistant hypertension [28]. Fifty patients with resistant 
hypertension were included in the study (37 underwent renal 
denervation, 13 served as controls), 40 % were diabetics. 
Beside significant blood pressure reduction observed in the 
treatment group (—32/—12 mmHg; p<0.001) after 3 months, 
fasting glucose (from 118+3.4 mg/dl to 108+3.8 mg/dl; 
p=0.039), insulin levels (from 20.8 + 3.0 to 9.3 +2.5 IU/ml; 
p=0.006), C-peptide levels (from 5.3+0.6 ng/ml to 
3.0+0.9 ng/ml; p=0.002) and the HOMA-IR improved sig- 
nificantly from 6.0+0.9 to 2.4+0.8 (p=0.001) after 3 months 
(Fig. 23.3). Additionally, mean 2-h glucose levels during 
oral glucose tolerance test were reduced by 27 mg/dl 
(p=0.012, Fig. 23.4) while there were no significant changes 
in blood pressure or any of the metabolic markers described 
above in the control group. Body mass index and antihyper- 
tensive background medication remained unchanged during 
the study period. 


Polycystic Ovary Syndrome 


These findings are supported by investigations of patients 
with polycystic ovary syndrome (PCOS) [29]. PCOS is char- 
acterized by obesity, insulin resistance and BP elevation 
related to sympathetic nervous activation. Using the 
hyperinsulinaemic-euglycaemic clamp methodology it was 
demonstrated that insulin sensitivity improved by 17.5 % in 
the absence of any weight change at 3 months following 
renal denervation. Beside the improvements in glucose 
metabolism authors also report a reduction in sympathetic 
activity measured by MSNA, urinary albumin excretion and 
glomerular hyperfiltration, indicating beneficial effects of 
renal denervation on renal structure and function. These 
findings are of interest as renal denervation has been shown 
to prevent the development of structural renal changes due to 
early diabetic nephropathy in an animal model [30]. 
Functional and anatomic studies performed 2 weeks after the 
onset of streptozotocin-induced diabetes in denervated rats 
revealed attenuation of physiologic and anatomic findings of 
early diabetic nephropathy. In line, studies in humans dem- 
onstrated that sympathoinhibition with the centrally acting 
drug moxonidine reduced microalbuminuria in normotensive 
patients with type | diabetes, in the absence of any signifi- 
cant blood pressure changes [31]. This is supported by 
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Fig. 23.3 Change in fasting glucose, insulin levels, C-peptide levels, and the HOMA-IR in patients undergoing renal denervation and in the con- 


trol group (Modified from Mahfoud et al. [28]) 
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Fig. 23.4 Change in 60- and 120-min glucose level (n=37) after 
administration of glucose 3 months after renal denervation (Modified 
from Mahfoud et al. [28]) 


recently published data, investigating the effects of renal 
denervation on urinary albumin excretion in 100 patients 
with resistant hypertension and preserved renal function. 
The study demonstrated a reduced number of patients with 


micro- and macroalbuminuria after renal denervation and 
improvements in renal hemodynamics [32]. 


Obstructive Sleep Apnea 


Individuals with obstructive sleep apnea syndrome (OSAS) 
are usually obese and have high prevalence of the metabolic 
syndrome [3]. OSAS itself is characterized by an increased 
sympathetic activity [33]. A recently published pilot study 
investigated the effects of renal denervation on OSAS sever- 
ity and glucose metabolism in patients with resistant hyper- 
tension [34]. This observational series has confirmed 
significant reduction in blood pressure (—34/-13 mmHg; 
p<0.01) and improvement in the OSAS severity in eight of 
ten enrolled patients 6 months after renal denervation. 
Decreases were also observed in plasma glucose concentra- 
tion 2 h after glucose administration (median: 7.0 versus 
6.4 mmol/L; p=0.05) and in hemoglobin AIC level (median: 
6.1 % versus 5.6 %; p<0.05) at 6 months (Table 23.1). A 
larger randomized controlled trial investigating the effect of 
renal denervation in patients with OSAS is currently ongoing 
(NCT01366625). 
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Table 23.1 Change in glucose metabolism and obstructive sleep apnea severity after renal denervation (n= 10) 


Baseline 
AHI, events/h 30.7 + 26.5 
Epworth sleepiness scale score, points 9 
120 min glucose level, OGTT, mmol/l 8.44 3.3 
HbAIC, % 6.4+0.8 


Created using data from Witkowski et al. [34] 


Outlook 


Since renal denervation in patients with resistant hyperten- 
sion has been shown to reduce sympathetic activity and blood 
pressure [35-37], improve glucose metabolism and glucose 
tolerance, it may be speculated that this treatment prolongs or 
even prevents the progression of type 2 diabetes and associ- 
ated cardiovascular complications. The estimated change in 
cardiovascular risk associated with blood pressure reduction 
and improvement in diabetic state appears to be more than 
additive. Preclinical observations on renal protection against 
diabetic glomerular sclerosis coupled with the human data on 
renal denervation resulting in reduced blood pressure with 
improved insulin sensitivity and urinary albumin excretion 
justify additional studies in this area. Substantial research is 
needed to (i) enhance the understanding on the potential reti- 
nal, renal and cardiovascular consequences of these findings 
and (ii) to document the durability of the results. 
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Epidemiology of Obstructive Sleep Apnea 


The prevalence of sleep apnea in general population varies 
from 5 to 10 % [1]. In general population and in patients with 
cardiovascular diseases, obstructive sleep apnea (OSA) is two 
to three times more common in men than in women and in 
older than in the young [2]. In hypertensive subjects the diag- 
nosis of OSA is based on polysomnography — it is confirmed 
when apnea-hypopnea index (AHI) exceeds 15 events/h [3]. 
OSA is the most common disease associated with resistant 
hypertension — according to abovementioned definition it was 
diagnosed in 64 % of patients. In hypertensive patients OSA is 
associated with obesity. However in patients with heart failure 
and stroke direct relationship between body mass index and 
OSA severity was not firmly proved [4—6]. 

OSA is considered independent risk factor for cardiovas- 
cular events, including ischemic heart disease, heart failure, 
stroke and death [7]. Several mechanisms as inflammation, 
oxidative stress, and endothelial dysfunction underlie the 
association between OSA and cardiovascular diseases [8, 9]. 
Continuous positive airway pressure (CPAP) is a treatment of 
choice to reverse severe OSA and its consequences [2, 10]. 


Pathophysiology of Obstructive Sleep Apnea 


OSA is characterized by recurrent episodes of complete or 
partial upper airway obstruction during sleep [11]. OSA 
occurs when sleep-related inhibition of respiratory drive to 
the upper airway dilator muscles is superimposed on previ- 
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ously narrowed airway [2]. The upper airway may be nar- 
rowed due to macroglossia, tonsillar hypertrophy or increased 
fatty deposits in surrounding neck tissues. In addition, peri- 
pharyngeal fluid retention and its rostral nocturnal shift 
while sleeping was postulated as a reason for increasing of 
peripahryngeal tissue mass. Recumbent position provokes 
neck veins distension and edema of surrounding soft tissue 
that increases the upper airway resistance and facilitates its 
obstruction. In different scenarios (heart failure, chronic kid- 
ney disease, hypertension, obesity) increased sodium and 
water retention may be dietary [12], neurogenic — resulting 
from increased sympathetic activity leading to renin release 
[13], or humoral — as a consequence of activation of the 
renin-angiotensin-aldosteron axis [14]. It has been demon- 
strated that in response to the application of lower body 
positive pressure, neck circumference increases and the pha- 
ryngeal cross-sectional area decreases resulting in higher 
pharyngeal resistance and collapsibility [15, 16]. 
Simultaneously, leg fluid volume is reduced confirming that 
changes of upper airway resistance are secondary to the fluid 
shift towards the peripharyngeal area. In other study includ- 
ing non-obese healthy subject, direct relationship between 
the volume of the nocturnal fluid shift and the change of neck 
circumference and severity of OSA was reported [17]. 
Moreover, in patients with chronic venous insufficiency, the 
use of compression stockings diminished daytime fluid accu- 
mulation in the legs and overnight fluid shift and, by conse- 
quence, reduced AHI by 35 % [18]. The another evidence 
that nocturnal rostral fluid shift can cause OSA was provided 
by two studies, demonstrating that fluid removal using over- 
night peritoneal dialysis in patients with chronic renal failure 
increased pharyngeal upper airway diameter and alleviated 
OSA severity as compared to the removal of the same amount 
of fluid with continuous 24-h dialysis [19, 20]. Similar 
improvement was confirmed by the conversion of hemodi- 
alysis from daytime to overnight procedure [21]. 

Another potential mechanism linking OSA and fluid 
retention is hyperaldosteronism that is very common in sub- 
jects with resistant hypertension. Aldosterone-mediated 
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chronic fluid retention may influence OSA severity in 
patients with resistant hypertension. In one study treatment 
with a mineralocorticoid receptor antagonist substantially 
reduced the severity of OSA [14]. 


Relationship Between Hypertension 
and Obstructive Sleep Apnea 


It is known that intermittent hypoxia or experimentally induced 
OSA can cause persistent daytime hypertension in rats and dogs 
[22, 23]. In one study it was demonstrated that subjects with an 
AHI > 15 had almost threefold greater likelihood of developing 
hypertension than those with an AHI of zero [24], however other 
studies did not confirmed this association [25, 26]. Nevertheless, 
the remarkable finding that OSA is by far the most common 
disease associated with drug resistant hypertension and that its 
treatment may lower blood pressure suggest that OSA plays a 
provocative role in the hypertension pathogenesis [27]. 


Sympathetic Neural Mechanisms in Resistant 
Hypertension and Obstructive Sleep Apnea 


Increased sympathetic activity, consistently evident in OSA 
patients, likely plays a key role in the development of resistant 
hypertension. Autonomic and hemodynamic responses to 
obstructive sleep apnea are very complex and include the 
effects of apnea, hypoxia, hypercapnia, the Mueller maneuver 
(inspiration against a closed glottis), and arousal [28]. Hypoxia 
and hypercapnia act synergistically in increasing sympathetic 
activity and this increase is especially marked during apnea 
[29-32]. The role of sympathetic activation in OSA patients 
was further elucidated in a study by Somers et al. [33]. Patients 
with OSA had high sympathetic activity when awake, with 
further increment in blood pressure and sympathetic activity 
during sleep. These increases are attenuated by treatment with 
CPAP, indicating that OSA induces sympathetic activation and 
facilitates blood pressure rises during sleep. Sympathetic over- 
activation in OSA patients also acts to increase heart rate [34] 
and can worsen the prognosis of patients with cardiovascular 
diseases, specifically by causing cardiac %-adrenoreceptor 
desensitization, arrhythmias, myocyte injury and necrosis and 
peripheral vasoconstriction [35]. It may also promote renal 
sodium retention, both directly and through stimulation of the 
renin-angiotensin-aldosterone axis. 


Renal Denervation in Resistant Hypertension 
and Obstructive Sleep Apnea 
Animal Studies 


In an experimental study by Linz et al. renal denervation 
(RDN) but not treatment with B-blocker inhibited post- 
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apneic blood pressure rises in pigs [36]. RDN also induced 
antiarrhythmic effect by reducing atrial fibrillation inducibil- 
ity by modulation of the autonomic nervous system. In 
another paper RDN induced elevation of urine volume and 
sodium excretion in rats with acute total obstructive apnea 
[37]. This suggests that the increase of the renal sympathetic 
nerve activity during apnea episodes does prevent the eleva- 
tion of renal excretory function in non-denervated animals. It 
supports the hypothesis that renal sympathetic nerves play an 
important role in sodium homeostasis, with renal nerve acti- 
vation enhancing sodium retention and suppression the sym- 
pathetic activity by RDN may impose opposite effect. 


Human Experience 


The potential impact of renal sympathetic denervation on 
sleep apnea course was reported in one human study [38]. 
The study included ten patients with resistant hypertension 
(defined as systolic office blood pressure greater than 
160 mmHg despite the treatment with three or more antihy- 
pertensive drugs including diuretic) and sleep apnea. OSA 
was diagnosed in eight patients and mixed sleep apnea 
(obstructive and central) in two. There were five patients 
with mild sleep apnea (AHI 5-15 events/h) and five patients 
with moderate-to-severe apnea (AHI >15 events/h). Two 
patients were treated with CPAP before RDN and maintained 
this treatment during follow-up period. All patients under- 
went catheter-based radiofrequency RDN (Symplicity, 
Medtronic, Minneapolis, MN, USA) The median reduction 
of systolic blood pressure was 22 mmHg (p<0.01) and 
34 mmHg (p<0.01) at 3 and 6 months after RDN, respec- 
tively (Fig. 24.1), with no differences between the patients 
with mild and moderate-to-severe sleep apnea. 

Decreases in AHI at 3 months (non-significant) and at 
6 months (with a tendency towards significance) after RDN 
were noted (median 16.3 events/h before RDN versus median 
4.5 events/h after 6 months; p=0.059). Also decreases in 
oxygen desaturation indices (ODI) at 6 months (median 13.0 
events/h before RDN versus median 8.7 events/h; p=0.11) 
and decreases in median Epworth Sleepiness Scale score at 
6 months (9.00 points versus 7.00 points; p<0.05) were also 
reported. In summary, in eight of ten patients an improve- 
ment in AHI was observed at 6 month (Fig. 24.2). There 
were two patients with mixed sleep apnea. In one of them, a 
reduction in sleep apnea indices was also observed with a 
change in AHI —30.5 events per hour at 6 months. In patients 
with improvement in AHI, a significant decrease in 24-h, 
daytime, and nighttime ambulatory Blood pressure 
monitoring (ABPM) levels was observed, the latter being 
most pronounced (median: —8/-4 mmHg, —12/-5 mmHg 
and —10/—8 mmHg for 24-h, daytime, and nighttime, respec- 
tively; p<0.05 for all). 

Along with blood pressure reduction and sleep apnea 
course improvement significant decreases in plasma glucose 
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concentration 2 h after glucose administration at 3 and at 
6 months (median 7.0 mmol/dL versus median 6.4 mmol/dL 
at 6 months; p<0.05) and in hemoglobin A1C level at 
6 months (median 6.1 % versus median 5.6 %; p<0.05) were 
demonstrated. 

This study confirmed that RDN lowers blood pressure in 
patients with resistant hypertension [39, 40] and endorsed 
the work of Mahfoud et al. documenting that RDN in humans 
improves indices of insulin action and glucose metabolism 
[41]. However, this publication extended previous work by 


documenting that the blood pressure and metabolic benefits 
of renal denervation include patients with sleep apnea and 
improve the course of the disease. Because these data were 
observational, the study could not identify the exact mecha- 
nism responsible for any amelioration of sleep apnea. 
Nonetheless, it should be emphasized that RDN influences 
key mechanisms regulating sympathetic activation. The 
efferent sympathetic renal nerves can affect control of renal 
vascular resistance, increase renin release, and regulate 
sodium and water excretion [12]. The afferent renal nerves 
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enhance the activity of the sympathetic nervous system. It 
has been also suggested that, in conditions of high-sodium 
dietary intake, activation of the afferent renal nerves contrib- 
utes to the arterial baroreceptor-mediated suppression of 
efferent sympathetic renal nerves in the overall goal of pre- 
venting sodium retention and maintaining water and sodium 
homeostasis [12, 42]. Therefore, RDN in patients with resis- 
tant hypertension and OSA might attenuate the effects of 
sympathoactivation additionally and independently of CPAP 
treatment. Lastly, it need to be considered that the fall in 
blood pressure may itself contribute to the attenuation of 
sleep apnea. 


Summary 


Obstructive sleep apnea is potential independent risk factor 
for cardiovascular events, including ischemic heart disease, 
heart failure, stroke and death. Obstructive sleep apnea is 
also the most common disease associated with resistant 
hypertension. As both hypoxia and hypercapnia result in 
increased sympathetic activity, sympathetic nervous system 
plays a key role in the development of resistant hyperten- 
sion in patients with obstructive sleep apnea. Sympathetic 
overactivation in OSA patients can worsen the prognosis of 
those patients with cardiovascular diseases, specifically by 
causing arrhythmias, myocyte injury and necrosis, periph- 
eral vasoconstriction and the promotion of renal sodium 
retention, both directly and through stimulation of the 
renin-angiotensin-aldosterone axis. Preliminary results 
show that catheter-based renal sympathetic denervation 
may not only lower systolic blood pressure by x30 mmHg 
in resistant hypertensive patients with sleep disordered 
breathing but also improve sleep apnea severity. In eight of 
ten patients an improvement in apnea-hypopnea index was 
observed at 6 months after procedure. Along with blood 
pressure reduction and sleep apnea course improvement 
significant decreases in plasma glucose concentration 2 h 
after glucose administration in hemoglobin A1C level were 
observed. 

Renal sympathetic denervation may conceivably be a 
potentially useful therapeutic option for this subset of 
patients; however large randomized controlled clinical trials 
are needed to confirm these initial proof-of-concept data. 
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